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 ii Abstract 
ABSTRACT 
Bone healing is influenced by local mechanical conditions, and it has been 
previously demonstrated that there is an optimal mechanical environment for specific 
fractures to heal. Numerous studies have also shown that mechanical or physical 
conditions regulate biological processes; this research area is termed 
mechanobiology. Understanding the mechanobiology of bone healing is challenging, 
as further advancements have been hampered by limitations in the ability to control 
and measure the mechanical boundary conditions during bone healing. In particular, 
the isolation of the experimental fracture from the effects of functional loading 
presents a significant challenge. This dissertation proposes a novel bone healing 
model and a specially designed active instrumented fixator to investigate the 
influence of mechanics on bone healing.  
The configuration of the bone healing model involved the creation of two 
osteotomies separated by a mobile segment of bone (30 mm) in a sheep tibia, with 
the aim of minimising physiological loading within an experimental fracture gap. 
The first osteotomy created an experimental fracture (3 mm gap) and the second 
osteotomy created a critical-sized defect (30 mm). A preliminary pilot study was 
performed to investigate the healing potential of the experimental fracture under two 
different fixator configurations.  
The active fixator was used for the application of controlled displacements 
through manipulation of the mobile segment and monitoring the in vivo stiffness 
throughout the healing period. Through evaluation of previous experimental devices 
used in the literature, the active fixator design process was developed. The 
requirements for the device were outlined, followed by selection of a suitable motor 
system for manipulation of the mobile segment. Through concept evaluation using 
finite element modelling and in vitro mechanical testing, the first active instrumented 
fixation device was designed and manufactured. The device was used in an in vivo 
pilot study to establish a suitable surgical technique prior to the main in vivo study, 
and to determine a suitable methodology of movement application for the controlled 
displacements.  Due to the complications that arose, design modifications were made 
to the device to prevent their reoccurrence in later studies. 
 Abstract iii 
An in vivo application study using a control group and stimulation group 
(movements for only the first three weeks) was then undertaken as a first step toward 
testing the combination of the bone healing model and the active instrumented 
fixator. The results were evaluated using the in vivo stiffness measurement, 
radiographic images, microcomputed tomography and biomechanical testing. It was 
shown application of stimulation within the first three weeks allowed for successful 
healing.  
The combination of the bone healing model and active instrumented fixator has 
provided a novel approach to investigating the influence of mechanics on bone 
healing. Future work involves completion of further experimental studies to answer 
different research questions. Overall, this dissertation has provided an exciting 
opportunity to advance our knowledge and understanding of bone mechanobiology, 
which can lead to promising developments within the field.  
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Chapter 1: Introduction 
This introductory chapter presents the central issue surrounding bone fracture 
treatment (Section 1.1). The current clinical problem in this field and the limitations 
within the research findings are described, in addition to the significance of this 
thesis (Section 1.2). The project aims and objectives are discussed in Section 1.3. 
The dissertation structure is described in Section 1.4. 
1.1 CENTRAL ISSUE 
Fracture treatment costs the Australian health care system approximately $2 
billion each year (Osteoporosis Australia & University of Melbourne Department of 
Medicine, 2007). Statistics from the Australian Institute of Health and Welfare 
(AIHW) represent the epidemiology of traumatic fractures in Australia between 
2001-02, showing that there were 19,109 lower leg fractures (National Centre for 
Monitoring Arthritis and Musculoskeletal Conditions, 2011), of which falls and 
transport accidents were the most common events resulting in hospitalisation for 
fracture treatment for all ages. Despite all recent advances in fracture treatment, 
delayed healing and non-unions are still encountered, which present challenges for 
the surgeon, the patient and the health services supporting them (Kanakaris & 
Giannoudis, 2007). 
1.2 CURRENT PROBLEM AND PROJECT SIGNIFICANCE 
Bone healing is influenced by the local mechanical conditions, and it has been 
previously demonstrated that there is an optimal mechanical environment for specific 
fractures to heal. Numerous studies have also shown that mechanical or physical 
conditions regulate biological processes; this research area is termed 
mechanobiology. Understanding the mechanobiology of bone healing is challenging, 
as further advancements have been hampered by limitations in the ability to control 
and measure the mechanical boundary conditions during bone healing. This 
dissertation provides an exciting opportunity to advance our knowledge and 
understanding of bone mechanobiology. The outcomes of this project can lead to 
promising developments within the field, as its underlying principles may have uses 
beyond fracture fixation treatments and patient rehabilitation programs, for example, 
in applications such as tissue engineering and tissue regeneration. 
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1.3 PROJECT AIMS AND OBJECTIVES 
1.3.1 Aim and Hypothesis 
This dissertation aims to develop and establish an experimental animal model 
to investigate the influence of mechanics on the processes of bone healing. It was 
hypothesised that through the use of this model the mechanobiology of the healing 
pathway can be better understood and addressed. 
1.3.2 Research Questions 
From the review of the limitations within the current literature, this thesis aims 
to address the following research questions: 
 Can the mechanical environment of a fracture be controlled? 
 Can physiological loading experienced in a fracture be removed?   
 Can an active instrumented fixator be designed and developed to apply 
controlled measurements to a fracture gap and allow for the in vivo 
monitoring of the callus stiffness? 
1.3.3 Research Objectives 
In order to answer these research questions the following key objectives have 
been conceptualised. 
 Development of a model that isolates/ reduces externally applied loads 
acting on the experimental bone fracture from functional loading as a 
result of physiological activity; 
 Design and construction of an active fixation device that enables 
precise control of the mechanical environment and allows for in vivo 
monitoring on the progression of healing; 
 Application of the model and active fixator in an in vivo pilot study to 
demonstrate its potential for healing. 
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These research objectives have been further broken down into stages: 
Objective 1: Development of a model which isolates functional loading 
 Determination of the configuration and anatomical location for the 
experimental fracture; 
 Development and establishment of a suitable surgical technique and 
postoperative management protocol; 
 Validation of the healing capabilities of the fracture stabilised with 
different fixation configurations through finite element modelling, in 
vitro mechanical testing and a pilot in vivo defect validation study.  
 
Objective 2: Design and construction of an active fixation device 
 Outline of the requirements of the device; 
 Selection and purchase of a suitable motor to perform the 
manipulations required; 
 Design of a preliminary external fixator construct to meet the specified 
performance criteria; 
 Creation of a working prototype of the fixator construct, to perform in 
vitro testing to verify that the specified design criteria are met and to 
perform modifications if required. 
 
Objective 3: In vivo pilot experiments  
 In vivo validation of the fixator; 
 Development and establishment of a suitable surgical technique and 
postoperative management protocols; 
 Analysis of experimental groups to determine the influence of 
mechanical stimulation during bone fracture healing. 
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1.4 DISSERTATION STRUCTURE 
This thesis commences with introductory information (Chapter 1) regarding 
the global issue of bone fractures and the significance of this project. This was then 
followed by the background information describing bone architecture and the 
fracture healing process as well as a literature review (Chapter 2) on the influence of 
mechanics on bone fracture healing and the development of mechanobiology 
theories. Current limitations within the literature were discussed, allowing for the 
formulation of the aims and objectives for this dissertation. Chapter 3 outlines the 
development and validation of the bone healing model through finite element 
modelling, mechanical testing and a preliminary defect validation study. Chapter 4 
provides a detailed description of the methodology employed regarding the design 
and manufacture of the active instrumented fixator. Chapter 5 discusses the main in 
vivo experimentation, combining the active instrumented fixator and bone healing 
model (Figure 1-1). Chapter 6 summarises the findings in this thesis in addition to 
providing a critique and suggestions for future directions to be undertaken.  
 
Figure 1-1: Structure of thesis showing the combination of the two components: the bone healing model 
and active instrumented fixator to address the research aim and objectives. 
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Chapter 2: Background and Literature Review 
This chapter provides the background information detailing the basic 
architecture of diaphyseal bone (Section 2.1). Section 2.2 outlines the two distinct 
processes of bone fracture healing. Treatment techniques are discussed in Section 2.3 
and the clinical complications that are still encountered in fracture treatment are 
described in Section 2.4. The influence of mechanics on the bone healing process is 
evaluated in Section 2.5 and insights into the mechanobiological theories to date are 
presented in Section 2.6. Section 2.7 discusses current animal models used within the 
field. This is then followed by evaluation and analysis of the current experimental 
models used within the literature (Section 2.8). The chapter concludes with a 
summary of gaps within the field (Section 2.9) and the unanswered key questions are 
highlighted in Section 2.10. 
2.1 BASIC STRUCTURE AND ANATOMY OF BONE 
2.1.1 Bone Architecture  
Bone provides a support scaffold for the body, enabling locomotion and 
functioning of limbs, as well as protection of internal organs (Hadjidakis & 
Androulakis, 2006; Marieb, 2009; McKinley, 2003; Tortora & Derrickson, 2009). 
Bone tissue is continuously remodelling, and unlike other musculoskeletal tissues, it 
displays a remarkable capability for self-repair. Following trauma, both functional 
and original anatomical configuration are restored without the formation of a scar 
(Tortora & Derrickson, 2009). The structural components of bone include the 
extracellular matrix, collagen and cells involved in bone repair (osteogenic cells, 
osteoblasts, osteocytes and osteoclasts) (Hadjidakis & Androulakis, 2006; 
Heppenstall, 1980; Kini & Nandeesh, 2012; Marieb & Hoehn, 2007; Marieb, 2009; 
Tortora & Derrickson, 2009). 
The normal mature human skeleton has two types of bone: cortical (compact) 
and trabeculae (spongy) (Hadjidakis & Androulakis, 2006; Tortora & Derrickson, 
2009). Compact bone is calcified and provides protection, support and assistance in 
resisting the stresses produced by body weight (Hadjidakis & Androulakis, 2006; 
Tortora & Derrickson, 2009). Trabeculae bone is less dense and is located in the 
epiphyses of long bones (Hadjidakis & Androulakis, 2006; Tortora & Derrickson, 
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2009). The spaces found between the trabeculae of spongy bone are often filled with 
red bone marrow, which contains small blood vessels (Tortora & Derrickson, 2009) 
and the spaces precisely align along lines of stress to assist the bone to resist as much 
stress as possible (Marieb & Hoehn, 2007). 
The main features of the long bone are the diaphysis, epiphysis and the 
metaphysis. The diaphyseal region (a long cylindrical portion) is composed of 
cortical bone and the epiphyses are located on the proximal and distal ends of the 
bone (Marieb & Hoehn, 2007; Shapiro, 2008; Tortora & Derrickson, 2009). The 
metaphysis is described as the region in between the diaphysis and the epiphyses, 
and during bone growth, each metaphysis contains an epiphyseal growth plate (layer 
of hyaline cartilage), which allows the bone to grow in length (Marieb & Hoehn, 
2007; Tortora & Derrickson, 2009). Once maturity is reached and the bone ceases to 
grow, the cartilage in the epiphyseal plate is replaced by bone, known as the 
epiphyseal line (Marieb & Hoehn, 2007; Tortora & Derrickson, 2009).  
A sheet of fibrous connective tissue known as the periosteum covers the outer 
surface of the long bone and has a role in protecting the bone; it, contains blood 
vessels  and nerve fibres, assists during fracture repair, provides nutrients to the 
bone, and serves as an attachment point for direct ligaments and tendons 
(Hankenson, Zimmerman, & Marcucio, 2014; Heppenstall, 1980; Kini & Nandeesh, 
2012; Marieb & Hoehn, 2007; Tortora & Derrickson, 2009).  The marrow cavity of 
the diaphyseal region is lined with a thin cellular layer known as the endosteum. 
Osteogenic (osteoprogenitor) cells — osteoblasts, osteocytes and osteoclasts 
— are the major cell types located in the bone tissue (Marieb & Hoehn, 2007; 
Marieb, 2009; Tortora & Derrickson, 2009). Osteogenic cells are unspecialised stem 
cells located within the inner portion of the periosteum, in the endosteum and in the 
canals within bone that contain blood vessels (Heppenstall, 1980; Tortora & 
Derrickson, 2009). These cells can either differentiate into osteoblast or remain as 
bone stem cells to provide osteoblasts in the future (Kini & Nandeesh, 2012; Marieb 
& Hoehn, 2007). Osteoblasts are the bone forming cells which secrete and synthesise 
collagen fibres and other organic components required to compose the extracellular 
matrix of bone tissue (Heppenstall, 1980; Kular, Tickner, Chim, & Xu, 2012; 
Tortora & Derrickson, 2009). These cells are located externally under the periosteum 
and initiate calcification (Hadjidakis & Androulakis, 2006; Kini & Nandeesh, 2012; 
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Kular et al., 2012; Landry, Marino, Sadasivan, & Albright, 1996; Pauwels, 1980). 
The osteoclasts are multi-nucleated with a primary role in bone resorption, located 
along the peripheral aspect of the bone substance, but they also are involved in bone 
destruction and the remodelling process (Boulpaep & Boron, 2005; Hadjidakis & 
Androulakis, 2006; Heppenstall, 1980; Kalfas, 2001; Kular et al., 2012). Osteocytes 
are osteoblasts which have become trapped within the osteoid and are the most 
abundant cells in the bone (Boulpaep & Boron, 2005; Hadjidakis & Androulakis, 
2006; Kalfas, 2001). These cells behave as mechanosensors, instructing osteoclasts 
to resorb bone and the osteoblasts to form it (Boulpaep & Boron, 2005; Heppenstall, 
1980; Kular et al., 2012). 
2.2 BONE FRACTURE HEALING PROCESS 
Bone fractures are a frequent injury of the musculoskeletal system, and the 
primary goal of treatment is the reestablishment of structural integrity and restoration 
of mechanical stability and function within the affected limb (Kalfas, 2001; Ruedi & 
Murphy, 2001). Bone fractures occur when the upper limit of bone strain is exceeded 
through various traumatic injuries such as sporting injuries, vehicle accidents and 
falls. Conditions such as osteoporosis or various types of cancer can easily result in 
bone fractures; however, the extent of the trauma is dependent on the patient’s age 
and general health. The healing outcome is influenced by age, extent of injury to 
hard and soft tissues, type of bone affected, mobility at the fracture site, local 
pathological conditions, oxygen levels and the bone quality (Landry et al., 1996).  
The two pathways through which bone fractures heal are primary (direct) and 
secondary (indirect) fracture healing (Brighton, 1984; Claes, Recknagel, & Ignatius, 
2012; Frost, 1989; McKinley, 2003; Ruedi & Murphy, 2001). Whether primary or 
secondary bone healing occurs is dependent on the magnitude of movement within 
the fracture gap, which is governed by the stability of fixation. Primary healing 
occurs as a result of rigid fixation, whilst flexibility in fixation allows for the 
commencement of secondary bone healing (Figure 2-1). However, if the fixation 
stability is too flexible or too rigid it can result in non-unions/delayed healing which 
require further surgical intervention. 
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Figure 2-1: Fixation stability influences the healing pathway and outcome. A high fixation stability 
promotes primary healing whilst allowing flexibility promotes secondary bone healing. A non-union can be 
caused when there is too much flexibilty permitted leading to an unstable fixation. 
 
2.2.1 Primary Fracture Healing 
Primary fracture healing (a direct attempt by the cortex to re-establish itself) 
occurs when there is absolute stability and negligible gap size (the rigid compression 
of fracture surfaces), resulting in osteonal remodelling (Frost, 1989; McKinley, 
2003; Ruedi & Murphy, 2001). The rigid compression of the opposed cortical ends 
establishes a mechanical environment with minimal interfragmentary motion to 
allow for a sequential healing process. Initially gap healing occurs, followed by 
contact healing (Frost, 1989; McKinley, 2003). This healing pathway is an internal 
remodelling process initiated by the formation of cutting cones (Figure 2-2) of 
osteoclasts progressing through the bone across the fracture, absorbing both old and 
damaged bone and enabling the in-growth of blood vessels (Claes et al., 2012). 
During this process there is no intermittent cartilaginous stage (McKinley, 2003).  
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Figure 2-2: Primary fracture healing through internal remodelling. Layers of bone are laid down 
perpendicular to the long axis of the bone by cutting cones moving through the fracture line.  
 
2.2.2 Secondary Fracture Healing 
Secondary bone healing occurs in the vast majority of bone injuries and consist 
of three overlapping phases: inflammation, repair and remodelling (Brighton, 1984; 
Frost, 1989; Mckibbin, 1978) (Figure 2-3).  
 
Figure 2-3: Overlapping phases during bone fracture healing. Adapted from  (Claes et al., 2012, p.5).  
 
 
 
 
 10 Chapter 2: Background and Literature Review 
Each of these phases has distinct characteristics with a continuous transition 
between them (Ruedi & Murphy, 2001). The pathway of each phase is influenced by 
the preceding phase; therefore in order to assess the healing pathway, it is imperative 
to understand the outcomes of the previous phases. 
 Figure 2-4 below shows the four main tissues contributing to bone fracture 
healing: the cortical bone, external soft tissues, periosteum and bone marrow 
(Einhorn, 2005; McKinley, 2003). Since bone is a highly vascularised tissue, 
successful bone fracture healing requires a strong angiogenic response, because the 
blood supply delivers the necessary nutrients and systematically delivers cells to the 
fracture site (Rhinelander, 1974). The sub-sections below provide a description of 
the main processes involved during each of the overlapping phases, imaged in Figure 
2-5. 
 
Figure 2-4: Four tissues involved in secondary bone fracture repair. Adapted from (Einhorn 2005, p. S4). 
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Figure 2-5: Secondary fracture healing phases; Inflammation, repair and remodelling. Adapted from (Marieb & Hoehn 2007, p. 191). 
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INFLAMMATION  
When a bone breaks, blood vessels in the bone, the periosteum and the 
surrounding tissue are torn, which results in bleeding and the formation of a 
hematoma (swollen blood clot) at the fracture site and bone necrosis at the ends of 
the fracture fragments (Brighton, 1984; Kolar et al., 2010; McKinley, 2003) (Figure 
2-5). Osteoclasts later remove the dead cells. Prior to a fracture, the fibroblasts are 
unactivated cells in the surrounding connective tissue; following trauma they become 
activated and have a role in forming the new extracellular matrix and collagen. The 
extracellular matrix is a basic element of connective tissue that provides structural 
support and proteins vital for cell migration (Tortora & Derrickson, 2009). This 
process begins immediately after the fracture and continues until the fibrous tissue, 
cartilage or bone formation commences (1–7 days post-fracture at the end of the 
inflammation phase) (Ruedi & Murphy, 2001).   
REPAIR  
The repair phase commences within the first several days following injury and 
secondary healing occurs by various pathways in the marrow cavity, in the 
periosteum and surrounding soft tissues (McKinley, 2003). Mesenchymal cells 
proliferate and differentiate to form specific cells that can generate fibrous tissue, 
cartilage or bone (Kalfas, 2001; Shapiro, 2008). A fibrocartilaginous callus (Figure 
2-5) bridges the ends of the broken bones, reducing the fracture’s fragment 
movement (Brighton, 1984; Ruedi & Murphy, 2001). There is also an ingrowth of 
capillaries into the callus and an increase in vascularity (Brighton, 1984; Ruedi & 
Murphy, 2001).  
The intramembranous ossification response occurs in the periosteum early on 
after the fracture with the generation of a hard callus, providing early fracture 
stability (Figure 2-5) (Ruedi & Murphy, 2001). The hard callus formation 
commences peripherally and progressively moves towards the centre of the fracture 
and the fracture gap (Ruedi & Murphy, 2001). Once there is bridging of this central 
hard callus consisting of woven bone, the fracture will have enough mechanical 
stability to permit weight bearing (Brighton, 1984; Frost, 1989; Mckibbin, 1978).  
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REMODELLING 
The hard callus achieved at the end of the repair phase is a rigid structure 
which provides biomechanical stability; however, it does not fully restore the 
properties of normal bone (Frost, 1989). The final phase is characterised by the 
remodelling of the hard callus into lamellar bone with a central medullary canal 
(Brighton, 1984; Frost, 1989; Hankenson et al., 2014). Once this stage is reached, 
there is no more chondrogenesis and this facilitates the bone to become denser and 
more mature, allowing for restoration of the original bone shape (Figure 2-5) (Ruedi 
& Murphy, 2001). The remodelling phase is characterised as the longest, as it may 
take years to achieve a fully remodelled bone and restored medullary canal 
(Brighton, 1984; Frost, 1989; Mckibbin, 1978).  
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2.3 EVOLUTION OF CURRENT TREATMENT TECHNIQUES 
Bone fracture treatment aims to realign bone fragments and restore mechanical 
stability to allow for the commencement of weight bearing (Taljanovic et al., 2003). 
Clinically, for the treatment of bone fractures there are a variety of fixation devices 
and methodologies. Selection of treatment by the surgeon is dependent on the type, 
location and severity of the fracture (Grutter, Cordey, Buhler, Johner, & Regazzoni, 
2000) as well as the patient demographics (age, gender and systemic influences). 
Clinically, there are three methods to treat bone fractures that have been established: 
 Immobilisation: plaster, traction, brace; 
 Internal fixation: compression plates, dynamic locking and 
intramedullary nails; 
 External fixation: ring, unilateral and bilateral fixation. 
2.3.1 Immobilisation Techniques 
For a simple fracture, immobilisation is a common methodology undertaken 
through application of a rigid plaster or splint around the affected limb or joint. The 
initial approach to selection of immobilisation technique requires an assessment of 
the skin, neurovascular status and bony tissues of the injured extremity (Boyd, 
Benjamin, & Asplund, 2009). This assists in providing the necessary structural 
support to minimise the movement of the fracture so as to allow secondary fracture 
healing; however, improper or prolonged immobilisation can lead to complications 
such as compartment syndrome and pressure sores (Boyd et al., 2009; Hamblen, 
Simpson, & Adams, 2007). When comparing the advantages and disadvantages of 
both plaster and splinting, plaster is a preferred method of immobilisation (Table 
2-1). Splints are inappropriate for the treatment of unstable and potentially unstable 
fractures, which require orthopaedic referral for more specialised treatment, 
depending on the injury (Boyd et al., 2009). 
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Table 2-1: Comparison of the advantages and disadvantages of plaster and splinting (Boyd et al., 2009). 
 Advantages Disadvantages 
Plaster  Effective 
immobilisation. 
 High risk of 
complications if 
application is not 
suitable. 
Splinting  Faster and easier 
application; 
 Can be either static or 
dynamic; 
 Allows for natural 
swelling; 
 Easily removed. 
 Lack of patient 
compliance; 
 Excessive motion at 
injury site. 
 
Traction has also been employed, and involves the use of weights, ropes and 
pulley systems to assist in bone realignment and correction of bone deformities 
(Blatter & Janssen, 1994; Marwah, Gadegone, & Magarkar, 1985). Whilst this 
method is considered effective in providing temporary pain relief early on, there is 
minimal evidence available supporting the long term use of traction for fracture 
treatment. 
2.3.2 Internal and External Fixation Techniques 
Complex fractures occurring through trauma or simple fractures which fail to 
heal require surgical intervention using either external or internal fixation (Beltsios, 
Savvidou, Kovanis, Alexandropoulos, & Papagelopoulos, 2009). External fixation 
devices are located outside the body, with pins or rods connecting them to the bone 
fragments. Internal fixators are located within the effected limb, either adjacent to 
the bone (compression or locking plates), or within the medullary canal 
(intramedullary nails). Selection of the fixation device to be used for fracture 
treatment requires knowledge of the forces created by the fracture and those which 
are to be controlled by the fixation device. The forces that need to be considered are 
(Figure 2-6): 
 Compression: axial loading of the bone as a result of physiological 
loading; 
 Tension: axial forces pulling the fracture fragments apart; 
 Bending: compression on one side of the fracture and tension on the 
other side; 
 Torsion: rotation of the fracture bone; 
 Shear: sliding of fracture surfaces under most loading situations. 
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Figure 2-6: Forces experienced within the bone fracture. 
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INTERNAL FIXATION 
During internal fixation, the fractured fragments are returned to their original 
position and rigidly stabilized, promoting implant and interfragmentary load sharing 
and direct bone healing (Stiffler, 2004). There are different types of internal fixation, 
and selection is dependent upon the site and pattern of the fracture as well as the 
opinion of the treating physician (Hamblen et al., 2007). The types of internal 
fixation include plates (dynamic compression plate (DCP), limited contact dynamic 
compression plate (LC-DCP) and intramedullary nails. 
The dynamic compression plate was introduced in 1969 (Perren, Russenberger, 
& Steinemann, 1969), and it represented further modifications from existing clinical 
plates during that period. Features included a new hole design which permitted axial 
compression by eccentric screw insertion, whereas with traditional plating the screws 
would tighten the plate to the bone to generate compression (Ruedi & Murphy, 
2001). 
Currently, the most important factors considered necessary to ensure a 
successful outcome are to minimise surgical trauma and to preserve the blood supply 
of both the bone and soft tissues. According to these principles, the limited contact 
dynamic compression plate was introduced, which minimised the contact between 
the plate and bone as a result of its structured under surface (Ruedi & Murphy, 
2001). As a result of this reduced contact area, the capillary network of the 
periosteum is less compromised, allowing for relative improvement of perfusion 
(Ruedi & Murphy, 2001). Another advantage of the structured under surface is that it 
allows for minimising the risk of breakage when increased loads are applied. The 
holes in the plate, which are symmetrical and evenly distributed throughout the 
entire plate, ensure a self-tensioning principle in all directions, allowing for 
compression at several levels (Ruedi & Murphy, 2001). Finally, to prevent damage 
during late removal, the bony ridges present along the edges are thicker and flatter. 
The LC-DCP is available in both titanium and stainless steel. The plate holes have 
the same configuration as dynamic compression plates to allow for interfragmentary 
compression. The use of the locked screws permits better anchorage, which can be 
augmented if the screws are applied inclined towards each other. The screws only 
need to be anchored in one cortex because locking within the device replaces the 
stabilising effect of the second cortex.  
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The Less Invasive Stabilising System (LISS) is another technique used to 
minimise damage to the surrounding soft tissues and was developed for the fixation 
of distal fractures of the femur. This internal fixator offers flexible fixation, 
maintaining the advantages of the external fixator but still allowing long term 
treatment. The resulting flexibility in fixation induces the formation of a callus with 
minimal surgical trauma, and promotes healing when the blood supply to the bone is 
maintained or can be restored early. However, surgical expertise in accurate 
placement of the fixator is essential (Broos & Sermon, 2004). The advantages and 
disadvantages of internal plate fixation are presented in Table 2-2. 
Table 2-2: Advantages and disadvantages of internal plate fixation. 
Advantages Disadvantages 
 Early use of limb; 
 Rapid bone healing; 
 Small chance of infection; 
 Minimal damage to blood supply. 
 Biocompatibility problems from foreign 
materials; 
 Can interfere with the callus formation. 
 
There are various types of intramedullary nails used for the treatment of 
fractures of the long bone (femur and tibia) near the middle of the shaft. This method 
also permits early weight bearing of the stabilised limb (Hamblen et al., 2007; 
Taljanovic et al., 2003). Interlocking screws in proximal and distal regions increase 
fixation and help control rotational forces, increase fixation stability, and prevent 
collapse or shortening of the fracture (Taljanovic et al., 2003).  
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EXTERNAL FIXATION 
The different types of external fixation are ring, unilateral and dual (Figure 
2-7) and their use can be grouped by function (Giotakis & Narayan, 2007): 
 Temporary or emergency stabilisation of patients with either limb- or 
life-threatening injuries; 
 Definitive fracture treatment device; 
 Limb reconstruction surgery (deformity correction, limb lengthening, 
non-union treatment and osteomyelitis). 
 
Figure 2-7: Unilateral (A), dual fixation (B) and ring fixation (C). 
 
Stability of the device is governed by three variables: bone-pin interface, 
fixator components (clamps and rods) and the fixation configuration (Giotakis & 
Narayan, 2007). It is vital to maintain realignment at the fracture site in order to 
prevent loss of reduction, malunions, non-unions  or even catastrophic failure (Moss 
& Tejwani, 2007). 
The bone-pin interface is the most crucial element for the overall stability of 
the bone fracture, as it is essential to have a sufficient grip maintained for the 
duration of the healing period (Moss & Tejwani, 2007). The pin diameter influences 
interface stresses and the overall bone hold (Giotakis & Narayan, 2007). For 
example, if pins with a larger diameter are used, they have a greater resistance to 
bending forces, which can reduce the stresses at the bone-pin interface. However, in 
order to reduce the risk of fracture it has been suggested to keep the size of the pin 
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within a third of the diameter of the bone (Giotakis & Narayan, 2007; Huiskes, 
Chao, & Crippen, 1985).  
Preoperative planning is essential in order to prevent damage to existing 
anatomic structures such as muscles, tendons, nerves and vessels (Fragomen & 
Rozbruch, 2006; Moss & Tejwani, 2007), thus the use of anatomic safe zones within 
areas of the bone that have the fewest number of neurovascular structures has been 
suggested (Moss & Tejwani, 2007). In order to prevent bone necrosis, pre-drilling of 
pin sites is also essential prior to insertion of pins (3.5 mm for 5 mm Schanz pins and 
2.5 mm for 4 mm Schanz pins). 
 In order to increase the stiffness of an external fixator, one technique is to 
increase the number of pins per fragment of bone. There is risk of damaging 
anatomic structures, providing portals for infection or splitting of the bone if too 
many pins are used within the same plane (Burgers et al., 2011; Moss & Tejwani, 
2007; Uhthofl & Finnegan, 1984). Another technique to increase the stiffness of the 
fracture gap is through the fixation offset (Giotakis & Narayan, 2007). The offset 
distance can be reduced to a distance which still allows for pin site care. The 
connecting rods provide a bridge between the pin clamps and rings, unifying the 
bony fragments in the external fixator construct. Traditionally, materials such as 
stainless steel, aluminium alloy, and carbon fibre have been used. Ideally, the 
connecting bar should be stiff, light weight and radiolucent for radiographic 
evaluation, and thus carbon fibre rods are the most popular choice. The advantages 
and disadvantages of external fixation are described in Table 2-3. This thesis aims to 
monitor the healing pathway within an experimental fracture through observation of 
callus formation. In contrast to other fixation methods, there is no interference with 
the healing process or blood supply. Therefore, external fixators will be the main 
focus of this dissertation, as unlike internal fixation, external fixators do not 
adversely interfere with callus formation. 
Table 2-3: Advantages and disadvantages of external fixation. 
Advantages Disadvantages 
 Simplicity of applications and adjustability; 
 Increased access for wound care; 
 Quick application; 
 Low risk and minimal blood loss. 
 Susceptibility to infections. 
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2.4 COMPLICATIONS IN FRACTURE HEALING 
Treatment of bone fractures has improved considerably over recent decades; 
however, there are still clinical cases resulting in non-union, delayed union and 
implant failure, leading to secondary surgical procedures and prolonged hospital 
stays (Babhulkar & Pande, 2005; Beltsios et al., 2009). The impairment of fracture 
healing has been associated with a variety of factors known to influence bone repair, 
including biological, nutritional, physical and genetic features, in addition to the 
severity of the trauma and quality of the mechanical environment of the fracture. A 
delayed union is defined as the failure of a fracture to consolidate within the 
expected time; however, this time span will be dependent on fracture location and 
patient age. Currently, tibial non-unions are estimated to constitute 2–10% of all 
tibial fractures (Patel, DeBerardino, Herzenberg, McCarthy, & Mehlman, 2014). 
There are a variety of factors resulting in a non-union such as inadequate 
immobilization, infection,  bone defects, poor vascularity of the fracture fragments 
and surrounding soft tissues (Babhulkar & Pande, 2005). Non-unions are classified 
according to their radiological appearance as either hypertrophic (viable) and 
atrophic (non-viable) based on the surrounding biomechanics. Hypertrophic non-
unions are a result of insufficient mechanical stability; however, there is still 
sufficient vascularity to promote healing (Babhulkar & Pande, 2005; Panagiotis, 
2005; Paul, Frijlke, & Patka, 2007). Atrophic non unions have an impaired blood 
supply to the bone fragments with no callus formation, thus leading to a poor healing 
response (Babhulkar & Pande, 2005; Panagiotis, 2005; Paul et al., 2007). For the 
current research completed in this dissertation, the hypertrophic non-union is most 
relevant. Better understanding of both the mechanical and biological environment of 
a fracture can lead to improved treatment techniques, thus reducing the occurrence of 
complications and requirement for secondary surgeries (Figure 2-8). 
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Figure 2-8: Implant failure (A) treated with an intrmaedullary nail (B), failure of the neck of the femur 
and a possoible non-union of the tibial diaphysis (C) and corrective treatment (D); (Bjørgul & Reigstad, 
2011)( www.tandfonline.com). 
 
2.5 INFLUENCE OF MECHANICS ON BONE HEALING 
Regardless of the fixation treatment method, the healing pathway is usually 
subjected to complex interfragmentary movements which influence the rate and type 
of fracture healing. The fixation device used to stabilise a fracture gap determines the 
role the mechanical environment has on the bone healing process, as it governs the 
magnitude of interfragmentary motion (IFM) experienced. Bone healing is enhanced 
by the magnitude of micromotion and weight bearing. If the magnitude of 
stimulation within a fracture gap is too large,  or if there is an increased load, a delay 
in healing or possibly non-union can result (Augat et al., 1998; Claes, Augat, Suger, 
& Wilke, 1997). However, the same outcome occurs if movement is decreased, not 
allowing enough stimulation for the fracture healing process to commence. It is 
crucial for the environment surrounding the regenerating tissue to have a sufficient 
blood supply and revascularisation for a successful healing outcome (Brighton, 
1984; Einhorn, 2005; Ruedi & Murphy, 2001). 
The influence of mechanics on the healing outcome has clearly been 
demonstrated in previous investigations; however, understanding the internal 
processes involved presents a far more complex and challenging task. Mechanical 
factors such as the magnitude and direction of interfragmentary movement, fracture 
gap size, and mechanical stimulation (number of loading cycles, frequency of 
loading cycles and magnitude of loading cycles) have been identified as influencing 
the fracture healing process (Augat et al., 1996, 1998, 2003; Augat, Merk, Wolf, & 
Claes, 2001; Claes et al., 1997; Hente et al., 2004; Kenwright & Goodship, 1989; 
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Liedert, Kaspar, Augat, Ignatius, & Claes, 2005; Park, Connor, Mckellop, & 
Sarmiento, 2005).  
The following sub-sections evaluate previous studies that investigate the role 
that specific mechanical factors have on the fracture repair process. Section 2.5.1 
reviews the studies that explain the influence of both interfragmentary movements 
and fracture gap size on the fracture healing process. Section 2.5.2 reviews analyses 
of the impact of mechanical stimulation through evaluation of the effects of cyclic 
micromotion and various loading protocols (axial, shear and torsion). 
2.5.1 Interfragmentary Movement and the Influence of Fracture 
Gap Size 
As mentioned, secondary fracture healing is recognised as the most common 
pathway through which fractures heal. Due to flexibility in fixation, external callus 
formation is generated through interfragmentary movement. IFM is the motion 
between the fracture fragments, and its magnitude and direction is governed by the 
stability of fixation and the degree of limb loading (weight bearing and muscle 
forces) (Augat et al., 1996; Claes et al., 1997; Mckibbin, 1978; Wu, Shyr, Chao, & 
Kelly, 1984). A rigid fixation minimises the interfragmentary movement, resulting in 
limited stimulation of callus formation, which may cause non-union (Goodship, 
Watkins, Rigby, & Kenwright, 1993). In contrast, flexible fixation enhances callus 
formation with increased IFM, therefore improving the healing process. It should be 
noted that the largest callus does not necessarily correlate with the highest 
mechanical strength and stiffness of the healing tissue or with the fastest healing 
(Schell et al., 2005). Through callus development, the stiffness across the gap will 
increase and reduce the interfragmentary strain (Bishop et al., 2006) which can 
prevent the rupture of the callus and allow for bony bridging (Perren, 1979). The 
interfragmentary strain is calculated by taking the longitudinal fracture gap 
movement and dividing it by the original fracture gap size.  If bridging is not 
achieved within a normal period of time, unfavourable outcomes such as delayed 
healing or non–unions can result. Therefore, there is an optimum stability that 
promotes timely healing. 
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Studies using an ovine model to investigate the relationship between the 
fracture gap size and interfragmentary strain have determined that the fracture gap 
size has more of an influence on the healing process than interfragmentary strain 
does, and increasing the gap size leads to poorer mechanical and histological 
qualities (Augat et al., 1998; Claes et al., 1998). For small gap sizes, larger IFM 
results in a larger periosteal callus area, while for larger gaps a greater IFM inhibits 
callus stimulation and delays the consolidation of the fracture (Liedert et al., 2005). 
Claes et al. (1999) compared the mechanical data determined by the finite element 
modelling with the histological findings which showed intramembranous bone 
formation at strains smaller approximately +5%, whilst endochondral ossification 
was stimulated at strains less than +15%. Experimental  studies using a sheep tibia 
(with a 3 mm fracture gap size) have determined that interfragmentary movement 
between 0.2 and 1.0 mm is beneficial for fracture healing (Claes & Heigele, 1999; 
Claes et al., 1995, 1998) and IFM greater than 2 mm leads to poor results, both in 
animal experiments (Kenwright & Goodship, 1989) and clinical studies (Noordeen, 
Lavy, Shergill, Tuite, & Jackson, 1995).  
2.5.2 Mechanical Stimulation (Cyclic Micromovement and Loading 
Direction) 
Externally applied micromovements such as the rate of movement (frequency 
or strain rate), number of cycles and movement direction are also important 
parameters. In order to examine the impact of external mechanical stimulation on 
fracture healing, numerous animal models have been used (Augat et al., 2001; Hente 
et al., 2004; Park et al., 2005; Wolf et al., 1998, 2001). The two sub-sections below 
will provide a description of various loading cycles used to allow for fracture healing 
and describe the impact of various loading directions. 
CYCLIC MICROMOVEMENT 
Cyclic micromovement at the fracture site involves the opening and closing of 
the fracture gap and is known to promote callus formation and bridging of the bony 
fragments (Goldberg & Scott, 2004). Larger micromovements in smaller fracture 
gaps result in an increased formation of bone, whereas for large gaps and larger 
micromovements bone formation is diminished (Claes et al., 1997). The capacity for 
externally induced micromovements to stimulate healing of experimental fractures 
has been investigated systematically in larger animal models. Studies which have 
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investigated cyclic micromovement have used a standard gap size of 3 mm for a 
sheep animal model, with the application of cyclic loads through various systems 
such as a motor gear unit (Augat et al., 2001; Claes, Wolf, & Augat, 2000), 
telescoping system (Park et al., 2005), a rigid hydraulic actuator (Hente et al., 2004) 
and a pneumatic system (Gardner, Evans, & Simpson, 1998). All the studies have 
shown an improvement in healing (time) with the application of a mechanical 
stimulus. For stimulation using a sheep animal model, a frequency of 0.5 Hz 
(mimicking physiological loading) with 500 cycles applied daily was selected in the 
majority of studies because it was found to be most osteogenic (Gardner et al., 1998; 
Goodship, Cunningham, & Kenwright, 1998; Goodship & Kenwright, 1985; 
Kenwright & Goodship, 1989) (Table 2-4). Loading has commenced within the first 
week postoperatively for most studies, which shows that, following the inflammation 
stage, a small mechanical stimulus is beneficial for the commencement of healing. 
Goodship et al. (1998) described the comparison of higher strain rates which were all 
successful in promoting healing. However, one experimental group delayed the 
application of micromovements to six weeks postoperatively (rigidly fixed for first 6 
weeks), which resulted in delayed healing due to the lack of stimulation during the 
early repair phase (proliferative) of healing. It can therefore be interpreted that 
commencement of mechanical stimulation at six weeks is relatively late to initiate 
ossification. 
 Once the stimulus has been applied it continues for the duration of the healing 
period. However, it is unknown if mechanical stimulation is beneficial during all 
stages of healing. Force-controlled movements permit the magnitude of IFM to 
decrease over time as healing progresses and the stiffness of the callus increases. 
This method is different to what would be experienced in most clinical situations, as 
the magnitude of the applied force cannot be constant for the duration of the healing 
period. Force experienced within the fracture gap is determined by the degree of 
weight bearing and muscle activity, which is governed by the injury pattern and pain 
tolerance of each individual patient. Force control stimulation was examined by 
Goodship and Kenwright through induced IFMs at 200 N, 360 N and 1000 N 
(Goodship & Kenwright 1985; Kenwright & Goodship 1989). Heller et al. (2005) 
found that the estimated magnitude of forces in a healthy sheep tibia during walking 
is 500 N. Therefore, the induced IFMs at 200 N and 360 N were likely to be close to 
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those experienced during the inflammation phase of healing when the animals are 
only capable of partially weight bearing. However, the higher load of 1000 N early 
on is unexpected in normal circumstances, which explains its negative impact on the 
healing process (Kenwright & Goodship, 1989). It is unknown whether 
physiological loading, external mechanical stimulation or a combination of both 
contributes to the healing process. Whilst successful healing outcomes have been 
achieved, the magnitude of optimal stimulation during each of the phases is currently 
unknown.  
For evaluation of results, a general protocol includes taking radiographic 
images and stiffness measurements within the fracture gap at weekly or fortnightly 
intervals. This measurement is usually completed using a strain gauge transducer 
attached to the fixation bar. The disadvantage with current studies is that there is no 
isolation of uncontrolled functional loading as a result of the animal’s normal 
activity, thus it is still difficult to understand the full impact of external mechanical 
stimulation. Attempts have been made to reduce the impact of physiological loading 
within a fracture gap through rigid fixation, an Achilles tenotomy (Augat et al., 
1996, 2001; Bishop et al., 2006) or a patellar-tendon tenotomy (Hente et al., 2004); 
however, these were not successful. Even though the tenotomy prevents the animals 
from weight bearing for the first weeks following the surgery, it alters the animal’s 
gait, leading to loadings in unexpected directions or compensation through 
overloading of the contralateral limb.  
Also, monitoring of the fracture gap stiffness was only completed at specific 
time points during the healing period and only recorded animal gait; the entire load 
history of the animal was not documented. The results may vary between animals 
according to their tolerance of the procedure, as some may be more inclined to 
weight bear than others. Table 2-4 below compares previous studies using 
mechanical stimulation to investigate its influence on the fracture healing process 
within a transverse fracture gap. 
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Table 2-4: Comparison of previous investigations examining loading cycles. 
 Animal 
model 
System 
used 
Fracture 
type and 
fracture 
gap size 
Frequency 
applied 
(Hz) 
Number 
of  
loading 
cycles 
Duration of 
loading 
application  
daily (mins) 
Postoperative 
application of 
the stimulus 
(loading cycles) 
Duration 
of 
healing 
period 
Effects of  weight bearing and strategy 
employed to reduce weight bearing 
effects 
 
(Goodship & 
Kenwright, 1985) 
sheep pneumatic 
cylinder 
3 mm  
transverse 
0.5 500 17  7 days 12 weeks no - 
(Kenwright & 
Goodship, 1989) 
sheep servo 
hydraulic 
actuator 
3 mm 
transverse 
0.5 500 17  7 days 12 weeks no - 
(Gardner et al., 
1998) 
sheep pneumatic 3 mm 
transverse 
0.5 500 17  7 days 10 weeks no - 
(Goodship et al., 
1998) 
sheep servo 
hydraulic 
actuator 
3 mm 
transverse 
0.5 500 5 consecutive 
days per 
week 
7 days 12 weeks no - 
(Matsushita & 
Kurokawa, 1998)  
rabbits actuator 
and 
encoder 
3 mm 
transverse 
0.5 50 1.6  7 days 5 weeks no - 
(Wolf et al., 1998) sheep  telescoping 
shaft 
3 mm 
transverse 
1 1200 20  12 days 6 weeks no - 
(Augat et al., 
2001) 
sheep motor-
driven 
3 mm 
transverse 
1, 5, 10 500 daily 7 days 9 weeks yes Achilles tenotomy 
prevented weight 
bearing in first 3 
weeks 
(Hente et al., 
2004) 
sheep actuator 
driven 
2 mm 
transverse 
1.25 10 and 
1000 
daily - 6 weeks yes Tendon tenotomy 
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DIRECTION OF LOADING (AXIAL, SHEAR AND TORSION) 
Musculoskeletal analyses have shown that despite the predominant axial loading in 
the tibia, considerable interfragmentary shear can still occur (Duda et al., 1998). 
There have been numerous in vivo experiments with specifically developed fixators 
(Augat et al., 2003; Bishop et al., 2006; Klein et al., 2004; Park et al., 2005; 
Yamagishi & Yoshimura, 1955) that isolate one type of loading (shear, torsion or 
axial) and determine its impact on bone fracture healing. Shear loading on bone 
fractures has been controversial, with some studies associating it with delayed 
healing (Augat et al., 2003; Kaspar et al., 2008; Klein et al., 2004; Yamagishi & 
Yoshimura, 1955) and others showing signs of healing stimulation (Bishop et al., 
2006; Park et al., 2005). Table 2-5 shows previous studies investigating the role of 
shear on the fracture healing process. Previously shear has been associated with 
delayed healing and in some studies its impact has not affected the healing process 
(Park et al., 2005). However, this delay was only observed in transverse fractures, 
whilst shear in oblique fractures was not detrimental. Both Yamagishi and 
Yoshimura (1955) and Park et al. (2005) completed studies investigating the 
influence of shear on the fracture healing process on a rabbit model, with different 
outcomes. The model in the study completed by Park and colleagues had a 0.8 mm 
fracture gap, while Yamagishi and Yoshimura used a standard transverse fracture. 
The contradictory results are likely due to the geometry of the oblique fracture, as 
the impact of pure shear would not have been directly investigated due to the close 
proximity and non-planar nature of the bone cortical ends. This may have also 
introduced a considerable magnitude of IFM compression. The study completed by 
Augat et al. (2003) produced a similar outcome to that of Yamagishi and Yoshimura 
(1955). A comparison of axial compression and translational shear movements was 
made, with both having a magnitude of 1.5 mm within a 3 mm transverse sheep 
osteotomy. The results of the healing process were assessed through radiographic, 
biomechanical and histological methods. The results showed that in comparison to 
axial movement, the shear movement delayed the healing outcome. In agreement 
with these results, other research teams have shown that excessive amounts of shear 
produced by torsional instability associated with unreamed nailing can also delay the 
healing outcome (Kaspar et al., 2005; Klein et al., 2004). However, some of these 
studies did not include a comparison with healing under an extremely rigid fixation. 
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It was documented by Bishop et al. (2006) that the majority of delayed healing 
in treated fractures with shear movement were related to the fixation device used or 
to whether axial movement was applied at the same point (Bishop et al., 2006). 
Therefore the researchers in this study developed and manufactured a two-degree-of-
freedom external fixator to independently investigate the impact of both axial and 
torsional interfragmentary movements. The study used a sheep animal model with a 
transverse 2.4 mm osteotomy. The results showed that torsional movements 
provided enough stimulation to allow for the commencement of the bone healing 
process in comparison to a completely rigid control group. The outcome of this study 
was interesting, as the healing was greater in the torsional group than in the axial 
group. The axial load limit used was based on magnitudes shown to allow healing 
within a similar model (Goodship & Kenwright, 1985), with the only difference 
being a slightly smaller fracture gap. The postoperative management in both studies 
was different, as in the study undertaken by Bishop et al. (2006), in order to achieve 
controlled conditions, a tenotomy was completed and the animals were supported in 
slings. The results showed that the healing of the torsional group was superior to that 
of the axial group, which experienced delayed bridging and less bone formation 
intercortically within the axial group. Unlike previous studies which did not make a 
comparison with extremely rigid fixation, this study showed that torsional 
stimulation is not inhibitory, but the displacement magnitude influences the healing 
outcome. 
Therefore, when considering the effects of shear compared to axial motion, 
healing appears to be sensitive to timing, magnitude, gap size and gap type 
(transverse/oblique) as well as to the natural gait of the animal, as functional loading 
cannot be entirely removed. When investigating the effects of shear, to ensure that 
the results are not affected by functional loading of the animal, it is necessary to 
completely isolate all loadings except the one being investigated. If functional 
loading was not removed, it would make it difficult to understand whether shear 
affected the healing results or if it was a combination of both shear and axial loading.  
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Table 2-5: In vivo effects of interfragmentary shear on bone healing. 
 
 Animal 
model 
System  
used 
Fracture 
gap size 
(mm) 
Fracture 
type 
Applied loadings Comparison 
to a rigid 
control 
Effects of  weight bearing accounted for and 
strategy employed to reduce weight bearing 
effects 
( Yamagishi 
&Yoshimura, 
1955)  
rabbit External 
fixator 
- Transverse  Constant shear and 
compression (only 
for first 2 weeks of 
healing 
yes no - 
( Augat et al., 
2003)  
sheep External 
fixator 
3 Transverse  Translation 
Shear and Axial 
movements 
no no - 
( Klein et al., 
2004)  
sheep Unreamed 
nailing and 
external 
fixator 
3 Transverse  Torsion no no 
 
- 
( Park et al., 
2005)  
rabbit External 
fixator 
0.8 Oblique  Translation yes no - 
( Kaspar  et 
al.,  2005) 
sheep Tibial 
nailing 
3  Transverse  - yes no - 
( Bishop et 
al., 2006)  
sheep External 
fixator 
2.4 Transverse  Torsion 
Axial compression 
yes yes  Achilles tenotomy 
 Suspending animals in slings 
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2.6 MECHANOBIOLOGY 
Mechanobiology is the study of how mechanical or physical conditions 
regulate biological processes (Carter, Beaupre, Giori, & Helms, 1998) and as such it 
represents a shift from studying the influence of mechanics on healing at the organ 
level to the tissue level and beyond. Currently, the exact mechanism through which 
the healing process occurs is not entirely understood, leading to the development of 
numerous hypotheses that aim to predict the pattern of tissue differentiation and type 
of ossification that may occur within the reparative tissue.  
2.6.1 Pauwels’ Theory 
The earliest hypothesis of mechanoregulated tissue differentiation was 
proposed by Pauwels (Pauwels, 1960). He hypothesised that tissues respond to 
distinct mechanical stresses, and his proposal led to the development of the 
theoretical framework that explains the impact of various mechanical forces on 
tissue differentiation pathways during mechanical deformation (Isaksson, 2011; 
Pauwels, 1960). He posited that distortional shear stress is a specific stimulus for the 
development of collagenous fibres, that hydrostatic compressive stress is a specific 
stimulus for cartilage formation (Figure 2-9 left), and that the combination of both 
the shear and hydrostatic pressures stimulates the formation of the fibrocartilage. 
Pauwels believed that there was no specific stimulus for the formation of bony 
tissue. His theory used the terms compression (hydrostatic compressive stress) and 
deformation (directional stretching of the tissue) (Figure 2-9 right).  
 
Figure 2-9: Schematic of the mechanoregulation model developed by Pauwels (Reproduced (Carter et al. 
1998, pp. S44, S45). 
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This theory allows for the assumption that strain and pressures are two distinct 
stimuli for fibrous tissue and cartilage. The key limitation of the theory is that it was 
only based on clinical observation and logic, and no measurement and calculation of 
the tissue strains or stresses involved is provided (Isaksson, 2011).  
2.6.2 Interfragmentary strain theory 
Following on from Pauwel’s work, Perren et al.’s observations of healing 
under varying mechanical conditions led to the proposal of the “Interfragmentary 
Strain Theory” (IST) which aimed to describe both primary and secondary healing 
(Perren & Cordey, 1980). The underlying perspective of this theory was 
consideration of the strain magnitude generated in the differentiating tissues at the 
fracture site (Carter, Blenman, & Beauprk, 1988). IST posits that tissue failure at a 
particular strain cannot be reformed in regions experiencing greater strains. Table 
2-6 relates the tissue response to different strain magnitudes. Interfragmentary strain 
can be calculated by taking the longitudinal fracture gap movement and dividing it 
by the original fracture gap size. As a fracture heals, tissues begin to stiffen, reducing 
the interfragmentary strain and allowing healing via progressive tissue 
differentiation. Two major drawbacks of this theory are that it does not account for 
changes in different callus regions, and only considers longitudinal/ axial strains 
associated with deformation of the interfragmentary region, while the contributions 
to the strain environment from radial and circumferential strains have been neglected 
(Isaksson, 2011). 
Table 2-6: Bone strains and the tissue response experienced. Adapted (Perren & Cordey 1980). 
Strain (ε) Tissue response 
<  2 % Bone formation 
<  10 % Fibrocartilage 
< 100 % Granulation tissue 
> 100 % No tissue formation 
 
 
 Chapter 2: Background and Literature Review 33 
2.6.3 Carter’s Tensile Strain and Hydrostatic Pressure Model 
In 1988 Carter et al. proposed that local stress or strain history could be used to 
explain tissue differentiation over time. In agreement with earlier theory, 
compressive hydrostatic stress history was assumed to allow for cartilage formation, 
while a tensile strain history accounted for the formation of fibrous tissue, with the 
formation of bone in regions with lower stress (Figure 2-10). The disadvantage of 
this theory is that there are no specified threshold values documented for tensile or 
pressure lines. 
  
Figure 2-10: Impact of specific tissue mechanical loading on tissue regeneration (Carter et al. 1998, p. S45). 
 
The model allowed for studies around pseudoarthrosis formation with oblique 
fractures (Loboa, Beaupré, Carter, & Beauprk, 2001), distraction osteogenesis 
(Morgan, Longaker, & Carter, 2006), and asymmetric fractures (Gardner, Mishra, & 
Marks, 2004). However, studies completed using this model have not predicted 
tissue differentiation adaptively over time (Isaksson, 2011).  
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2.6.4 Claes and Heigele’s Theory and Fracture Healing Model 
The theory conceptualised by Claes and Heigele (1999) was based on 
experimental observations that bone formation occurs mainly near calcified surfaces. 
Comparison between animal experiments, finite element analysis and cell culture 
was completed to assess the influence of gap size and interfragmentary strain during 
bone fracture healing (Claes et al., 1995, 1998, 1997). Overcoming the limitation in 
Carter’s model, Claes and Heigele were able to formulate a mechanoregulation 
algorithm (Claes & Heigele, 1999) which provided thresholds for the formation of 
various tissue (Figure 2-11). Through evaluation of the experimental geometry of the 
callus, it was determined that compressive hydrostatic pressure in excess of 0.15 
MPa with strains smaller than 15% would lead to endochondral bone formation, 
while if hydrostatic pressure was below this threshold with strains less than 5%, then 
intramembranous bone formation would result. The remaining conditions in the 
model correspond to areas of connective tissue or fibrous cartilage (Claes & Heigele, 
1999). 
 
Figure 2-11: Fracture healing model proposed including threshold values for when each tissue type will 
form (Claes & Heigele 1999, p. 265). 
 
One study (Gardner & Mishra, 2003) examined a clinical fracture and found 
there were favourable correlations with the algorithm proposed by Claes and Heigele 
(1999). This model (Claes & Heigele, 1999) has been combined with a fuzzy logic 
algorithm (Ament & Hofer, 2000) in an iterative finite element analysis to 
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investigate trabecular bone fracture healing (Shefelbine, Augat, Claes, & Simon, 
2005). The fuzzy logic algorithm aims to link the theoretical knowledge of bone 
healing mechanisms and experimental observations of the healing process with 
suitable numerical simulations. 
2.6.5 Prendergast and Huiskes’ Model 
A mechanoregulation model for tissue differentiation during fracture healing 
assumed that tissue differentiation is controlled by a combination of shear strain and 
fluid flow acting within the tissue (Lacroix & Prendergast, 2002) (Figure 2-12). 
Higher shear strain and fluid flows were assumed to deform precursor cells, thus 
stimulating formation of fibrous connective tissue, whilst lower levels would 
stimulate formation of cartilage and those still lower would cause ossifications. This 
scheme was evaluated by simulating healing in fractures with different gap sizes and 
loading magnitudes. The model showed the appearance and disappearance of the 
various tissues found in a callus to be similar to histological observation (Lacroix & 
Prendergast, 2002). The results of the studies confirmed that tissue differentiation 
phenomena could be governed by the proposed mechanoregulation model. The 
theory was applied to investigate healing, using a 2D axisymmetric biphasic model 
with tissues represented by solid elements (Prendergast, Li, Marsh, & Lacroix, 
2002). The results were comparable to the proelastic theory conceptualised by Mow 
(1980). 
 
Figure 2-12: Tissue differentiation model during bone fracture healing based on strain and fluid flow 
(Lacroix & Prendergast, 2002, p. 1165). 
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2.6.6 Validation of Theories 
The majority of these theories have been tested using computational models. 
Due to the limitations of undefined mechanical conditions in in vivo experimental 
models, validating these theories experimentally remains challenging.  
2.7  CURRENT ANIMAL MODELS INVESTIGATING MECHANOBIOLOGY 
At present, the effect of mechanical factors on the fracture repair processes has 
been convincingly demonstrated. However, the mechanism by which these factors 
influence the healing process has not yet been fully defined. There is difficulty 
ensuring standardised techniques or quantitative analysis of the fracture healing 
process in clinical studies, thus animal experiments are a suitable approach. 
Numerous studies have been completed using experimental trauma models within 
laboratory animals (both large and small) to investigate the mechanobiology of bone 
fracture healing.  
Improvements and advancements in fixation devices and implant designs have 
allowed for creation of more reproducible mechanical conditions, enabling the 
influence of mechanical stability on healing to be investigated in small animal 
models (Claes et al., 2011; Glatt, Evans, & Matthys, 2012; Halldin et al., 2011; 
Mehta et al., 2010; Morgan et al., 2009; Reifenrath, Gottschalk, Angrisani, Besdo, & 
Meyer-Lindenberg, 2012; Smith-Adaline et al., 2004; Terjesen & Benum, 1983; 
Thompson, Miclau, Hu, & Helms, 2002). Small animal models have both the 
advantage of being low cost and easily handled which has led to an increase in their 
use for mechanobiological studies. 
 Studies completed by Lutz Claes have examined the impact of late and early 
dynamization and its impact on the mechanical environment of a fracture. It was 
determined that late dynamization enhanced fracture healing in the 3- and 4- week 
groups in comparison to constant flexible and constant rigid fixation, whilst early 
dynamization did not improve fracture healing in comparison to the rigid or flexible 
fixation (Claes et al., 2009, 2011). A study by Gardner et al. (2006) investigated the 
application of axial compression in a mouse tibia. The study delayed the application 
of load (0-4 days) and amplitude of the load (0.5 N, 1 N, or 2 N). However, all 
loading regimens were applied at 1 Hz for 100 cycles daily for the first two weeks. It 
was determined that the load initiation immediately following a fracture inhibited 
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healing regardless of the magnitude applied, however allowing for short delay 
improved the healing outcome (Garnder et al., 2006). Another stimulation study 
completed by Palomares et al. (2009) investigated the impact of mechanical 
stimulation within an osteotomy of a small animal model. Stimulation was applied 
on the tenth postoperative day and continued for 1, 2 or 4 weeks. The results were 
compared to a control group with a constant rigid fixation. The results showed that 
through histological analysis the application of stimulation altered normal bone 
healing, with the stimulation specimens showing an increase in cartilage and the 
control demonstrated bony bridging (Palomares et al., 2009). 
The information gained from small animal studies has been useful; however, 
current technologies are still incapable of controlling the mechanical environment to 
the level required for mechanobiological studies. To be able to model high load 
bearing conditions as they occur in humans, a large animal model is required. Larger 
animal models have been used in a variety of studies (Augat et al., 2003, 2001; 
Bishop et al., 2006; Claes & Cunningham, 2009; Epari, Kassi, Schell, & Duda, 2008; 
Goodship & Kenwright, 1985; Grasa et al., 2010) as they allow for a better control of 
the mechanical stability of the device. Sheep, in particular, represent similar bone 
and soft tissue structure to humans (in contrast to other animals) as the ovine femur 
and tibia are only slightly shorter than the average length of human bones (Pearce, 
Richards, Milz, Schneider, & Pearce, 2007). Larger animal models also permit use of 
surgical techniques and implants similar to those experienced within a clinical 
environment, with only minor modifications to the sizing of the device. Additionally, 
data from human volunteers or cadaveric bones are not always readily available. The 
use of in vivo animal models prior to clinical testing allows researchers to gather 
further information regarding the healing processes involved during bone fracture 
healing.  
For this dissertation, an ovine animal model was used to investigate the 
mechanobiology of bone healing. For this purpose, it was essential to have an 
understanding of the anticipated fracture healing pathway. The work completed by 
Epari and colleagues (Epari, Schell, Bail, & Duda, 2006) is relevant; they 
investigated the healing process at two, three, six and nine weeks for osteotomies 
stabilised with either semi-rigid (15 mm offset) or rigid fixation (10 mm) to stabilise 
a 3 mm fracture. This allowed the healing process within a sheep tibia to be further 
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characterised. Both biomechanical testing and histology analysis (Figure 2-13) was 
completed on all samples. It can be seen that a less rigid fixation resulted in greater 
callus formation in comparison to a rigid fixation. Bridging of the periosteal callus 
occurs by six weeks; however, evidence showed that the semi-rigid fixation required 
an increased time for healing (Epari et al., 2006). Bridging in both groups was 
observed at nine weeks. Therefore, with the use of a sheep animal model and a 3 mm 
fracture, a healing period of at least nine weeks is essential, to capture bridging of 
the periosteal callus.  
 
Figure 2-13: Histological representation of semi-rigid and rigid fixation samples at various timepoints 
(Epari et al., 2006, p. 867). 
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2.8 CURRENT EXPERIMENTAL FIXATION SYSTEMS  
There are numerous fixation systems used within the literature to investigate 
the mechanobiology of bone healing (Augat et al., 2003; Bishop et al., 2006; Bishop, 
Schneider, & Ito, 2003; Claes et al., 1995, 1997; Claes, Eckert-Hübner, & Augat, 
2002; Schell et al., 2005). These fixation devices can be separated into three 
categories, each with their advantages and disadvantages (Table 2-7); 
 Instrumented; 
 Passive fixators; 
 Active fixators. 
These devices have helped to advance knowledge and understanding about the 
influence of mechanics on healing pathways. However, due to the limitations present 
in these devices, questions still remain about the mechanobiology of bone fracture 
healing. The following subsections provide a description of each of these devices. 
 
Table 2-7: Comparison of the advantages and disadvantages between the three categories of fixation 
devices. 
Device Advantages Disadvantages 
Instrumented  Can assess and measure in 
vivo conditions using 
optical measurement 
systems, strain gauges and 
force plates. 
 Unable to control the 
magnitude and direction of 
loadings experienced. 
Passive  Highly rigid systems 
capable of controlling 
loading applied within 
fracture gap as a result of 
animal physiological 
loading. 
 Only control amount of 
functional loading 
experienced; 
 Unable to control animal 
activity. 
Active  Specially developed 
fixators for specific loading 
application through 
external stimulation 
(amplitude, direction and 
frequency of loading). 
 Unable to remove 
functional loading from 
animal activity. 
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2.8.1 Instrumented Fixators 
These fixators aim to monitor and determine the loadings experienced within a 
fracture gap. Techniques involve using an optical measurement system attached to 
the fixation frame (Schell et al., 2008; Taylor et al., 2005) and walking the animal 
across force plates (Taylor et al., 2005) to determine the ground reaction forces. 
Some cases also use the deformation of the fixation bar to assess callus stiffness with 
the use of strain gauges (Hente, Cordey, & Perren, 2003). When an optical 
measurement system has been used, extra Schanz pins have been attached below and 
above the fracture line (Figure 2-14).  
 
Figure 2-14: Fixation configurations medial (left) and anteromedial (right). Attachment of reflective 
markers attached above and below the fracture line (right) (Klein et al. 2003, pp. 663, 664). 
 
With this method, difficulties arise in controlling the loading magnitude and 
direction, which limits the questions that can be asked. The loadings experienced 
within the fracture gap are dependent on the mechanical environment created 
(fixation offset, fixator location, fracture gap size, animal demographics and 
response to treatment). With these limitations it is difficult to ensure standardised 
techniques to allow for comparison amongst different groups and studies.
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2.8.2 Passive Fixators 
Controlling the interfragmentary movement within the fracture gap is a major 
limitation in furthering the knowledge in the field. In some cases, IFM can be caused 
by deformation of the external fixator and bending of the pins. Currently, most 
studies are unable to define the amplitude of the interfragmentary movement 
throughout the healing pathway, as it is dependent on the uncontrolled loading 
conditions of the animal and is yet to be successfully monitored. In some cases these 
uncontrolled loading conditions can result in non-uniform osteotomy gap movement 
with shear forces present. Passive fixation devices aim to isolate loading direction 
and control the magnitude of IFM allowed to pass through the fixator. Therefore it is 
important to ensure that these devices are highly rigid to minimise loads that would 
be considered stimulatory within the fracture gap. Popular methods of measuring the 
IFM are through the use of strain gauges, LVDT and force plates (to measure ground 
reaction forces). The ring fixator developed and used by Claes and colleagues (1997) 
ensures a high rigidity to stabilise a transverse fracture, with movements of various 
magnitudes permitted, to answer specific hypotheses. Table 2-8 provides a 
comparison of experimental studies that have used passive fixation. 
Post-operatively, animal weight bearing cannot be controlled, despite attempts 
to reduce loadings through Achilles tenotomy (Augat et al., 2001) or a patellar-
tendon tenotomy (Hente et al., 2004). In most cases the contralateral limb is loaded 
early in the healing period, then the loadings are slowly returned to the operated limb 
as the callus begins to stiffen. With the use of these devices it is challenging to 
ensure an optimal range of loading is achieved on a daily basis for the duration of the 
study. 
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Table 2-8: Comparison of loading and post-operative management protocols for passive fixation devices. 
 Fixator Fixator system Animal model Fracture 
model and 
study duration 
Groups Measurement device Postoperative 
management 
(Claes et al., 
1997) 
Ring Axial telescoping 
system 
LVDT (IFM 
Measurement 
Sheep 
(metatarsal) 
Transverse 
fracture gaps 
 
1 mm 
2 mm 
6 mm 
LVDT  Weight bearing 
postoperatively 
(Claes et al., 
2002) 
Ring 
 
Axial telescoping 
system 
LVDT (IFM 
Measurement 
Sheep 
(metatarsal) 
2 mm 
transverse  
 
IFM = 0.2 mm 
IFM = 1 mm 
LVDT Weight bearing 
postoperatively 
(Augat et 
al., 2003) 
Unilateral 
(high 
torsional and 
bending 
rigidity) 
Pre-loaded spring  
hollow aluminium 
with longitudinal 
notches and an 
inner steel rod 
with splines 
allowed to glide 
axially within 
cylinder notches 
Sheep (medial 
aspect tibia) 
3 mm 
transverse 
 Axial 
 Shear 
Strain gauges attached to 
metallic lever arm on 
fixator body. Deformation 
of lever measured by strain 
gauges. Gap movement 
registered once a week 
when animals walked a 
minimum of 10 times Daily 
activity logged 
Axial movement measured 
for axial group and shear 
for shear group 
Weight bearing 
postoperatively 
(Park et al., 
2005) 
Bilateral  rabbits transverse  Transverse fracture 
(locked fixator) 
 Transverse fracture 
telescoping fixator) 
 Oblique fracture 
(locked fixator) 
 Oblique (sliding 
oblique fixator) 
Detachable proximeter  
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2.8.3 Active Fixators 
The use of active fixation to understand the mechanobiology of bone fracture 
healing is becoming more popular within the field. These devices have the advantage 
of controlling the direction and magnitude of loading applied to a fracture gap. These 
studies test specific hypotheses, using either sheep (Augat et al., 2001; Challis, 
Gaston, Wilson, Jull, & Crawford, 2006; Goodship & Kenwright, 1985; Hente et al., 
2004; Kenwright & Goodship, 1989; Wolf et al., 1998), rabbits (Matsushita & 
Kurokawa, 1998), rats (Palomares et al., 2009) or some clinical investigations 
(Kenwright et al., 1991; Wendlandt, Wackenhut, Seide, & Müller, 2009). This 
dissertation focuses on a sheep model, therefore the studies using an active fixation 
to stabilise tibial fractures in the sheep tibia were evaluated (Table 2-9). Each of the 
active fixation devices used have been different to one another, except for those 
studies completed by Kenwright and Goodship (1985, 1989 and 1998), which used 
the same device to test multiple hypotheses. It was difficult to compare the studies 
against one another, as they vary in numerous ways: fixation device and the 
mechanical environment created; study duration; loading protocols and the 
postoperative management of the animal. These studies showed signs of improved 
healing in comparison to control groups. It was difficult to determine if the 
contribution of both external stimulation and stimulation caused by functional 
loading enhanced the healing process, since in one particular study, callus formation 
was seen in the rigid control (Kenwright & Goodship, 1989). The same fixation 
offset from the bone was used for movement control, allowing for the possibility that 
the movement groups had both external stimulation and functional loading 
contributing to the callus formation observed. Whilst stimulation may be beneficial, 
it is unknown if the magnitude or timing of load application can impact the healing 
outcome. Also, it is important to ensure standardised techniques amongst groups, 
such as fixation offset, fixation stiffness, loading protocols and accuracy of motor 
systems, to allow for comparison amongst groups. The recovery of the animal and its 
response to the treatment is difficult and challenging to control, but if techniques 
have been standardised it may allow for easier interpretation and comparison of 
results. 
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Table 2-9: Comparison of loading and post-operative management protocols for active fixation devices. 
 Fixator Fixator 
offset 
(mm) 
Axial 
stiffness 
Motor system Fracture 
model 
Study 
duration 
Groups Loading 
protocols 
Load 
application 
Postoperative 
management 
Outcomes 
(Goodship & 
Kenwright, 
1985) 
Unilateral Highly 
rigid 
N/A Pneumatic cylinder 3 mm 
transverse 
12 weeks Rigid  
Stimulatory 
Axial 
stimulus 
(500 cycles 
at 0.5Hz) 
17mins daily  
1 week post-
operatively  
for study 
duration 
daily 
Immediate post-
operative weight 
bearing 
Improvement in 
healing with 
controlled 
stimulation 
(Kenwright et 
al., 1989) 
Unilateral Control 
Groups: 
25 mm 
and 35 
mm 
N/A Servo hydraulic 
actuator 
3 mm 
transverse 
12 weeks 2 controls with 
different offsets 
4 stimulatory 
groups 
Axial 
stimulus 
(500 cycles 
at 0.5Hz) 
17mins daily 
1 week post-
operatively  
for study 
duration  
daily 
Immediate post-
operative weight 
bearing 
Healing process 
sensitive to 
small periods of 
daily strain. 
(Kenwright et 
al., 1998) 
Unilateral Highly 
rigid 
N/A Pneumatic cylinder 3 mm 
transverse 
12 weeks 3 displacement 
rate groups 
1 late onset 
stimulation 
Axial 
stimulus 
(500 cycles 
at 0.5Hz) 
17mins daily 
1 week post-
operatively. 
5 days per 
week 
Immediate post-
operative weight 
bearing 
Application of 
movement for 
short 
periods/high 
strain rate 
influences 
repair process 
whilst high 
strain applied 
later inhibits 
healing 
(Wolf et al., 
1998) 
Unilateral 
and 
bilateral 
80 mm Unilateral: 
183 N/mm 
Bilateral: 
388N/mm 
Electromechanical 3 mm 
transverse 
6 weeks 1 control with 
bilateral 
fixation to 
minimise 
functional 
loading. 
Controlled 
axial 
movements  0, 
0.2,0.4, 0.8mm) 
1200cycles 
at 1Hz 
(20mins 
daily) 
12 days post-
operatively 
Immediate post-
operative weight 
bearing 
Optimal IFM 
for acceleration 
of delayed 
healing was 
shown to be 0.5 
mm  
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2.9 SUMMARY 
For the process of bone healing there are few methods available to characterise 
the mechanical conditions in vivo. Direct methods that measure stress, strain, 
pressure or fluid flow are limited because they: 
 Only provide a measure at discrete points rather than the distribution in 
the tissue;  
 Interfere with the regeneration process they are intended to monitor; 
 Induce foreign body reactions, which interfere with the ability of the 
sensor to measure over time (e.g. scar tissue encapsulation).  
To investigate the influence of mechanics on bone healing in large animals, 
two predominant approaches exist. The first approach involves an external device 
controlling the loads applied to the healing tissues (Claes et al., 1998; Goodship & 
Kenwright, 1985; Wolf et al., 1998). While this method enables the loads and 
interfragmentary movements to be controlled, its limitation concerns the effect of 
functional loads. The alternative is to use standard fixation devices and measure in 
vivo the mechanical conditions (Klein et al., 2003; Schell et al., 2005). Studies where 
the interfragmentary movements have been measured through the course of healing 
have been limited to only one activity such as gait. The entire load history 
encompassing a range of activities and the number of loading cycles of each activity 
was not considered.  
Previous studies have identified certain mechanical conditions which 
stimulated callus formation and improved the rate of healing (Claes et al., 1998, 
1997; Johannes et al., 2009). However, some studies have depicted that through 
insufficient or excessive mechanical stimulus, the repair process can be negatively 
affected (Behrens, 1989; Claes, Heitemeyer, Krischak, Braun, & Hierholzer, 1999; 
Grongroft et al., 2009). A number of optical (Kim & Kohles, 2009) and image based 
methods (Ponmozhi, Frias, Marques, & Frazão, 2012; Yamazaki et al., 2007) have 
been attempted, but both lack the sensitivity to capture reliable data for a number of 
activities and for the duration of the healing period. An alternative to measuring the 
mechanical conditions was to impose them through the application of externally 
applied loads or displacements to a well-defined defect configuration. Even though 
this method has been employed by numerous investigators, a major limitation has 
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been the inability to completely isolate externally applied loads as a result of 
functional loading due to animal activity (walking, standing and so on).  
A previous model from unpublished research investigated the use of a tilting 
wedge of bone in the tibia of a sheep (Figure 2-15) and provides a good illustration 
of producing a movement (compression and distraction {lengthening of tissues}) to 
stimulate callus formation. Due to this combination of movements, it was difficult to 
compare the healing pathway of this model with a conventional osteotomy. 
 
Figure 2-15: In vivo tilting wedge experimentation. 
 
2.10 UNANSWERED KEY QUESTIONS 
Experimental studies have shown that timely and successful fracture healing 
requires an adequate blood supply and sufficient mechanical stability (Claes et al., 
2002). Additionally, it has been reported that the healing of bone appears to be 
sensitive to the number and duration of applied loading cycles. There have been a 
variety of loading protocols (both magnitude and direction) investigated, with each 
gaining new insight into the role of micromovement for successful fracture healing 
(Augat et al., 2001; Bishop et al., 2006; Goodship et al., 1998; Goodship, Lawes, & 
Clinton, 2009; Goodship & Kenwright, 1985; Hente et al., 2004; Jagodzinski & 
Krettek, 2007; Kenwright & Goodship, 1989; Matsushita & Kurokawa, 1998; 
Noordeen et al., 1995; Park et al., 2005; Wolf et al., 1998; Yamaji, Ando, Wolf, 
Augat, & Claes, 2001). However, due to the inability to completely isolate 
uncontrolled functional loading, the impact of a mechanical stimulation on the 
processes involved during the fracture healing process has not yet been understood. 
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This limits the questions which can be investigated to examine the mechanobiology 
of healing.   
For a sheep animal model, evidence has shown that callus bridging occurs with 
suitable stimulation at the six week time point (Epari et al., 2006). The majority of 
these studies’ stages apply external stimulation for the duration of the healing period 
every day. It has been shown that stimulation prior to consolidation of the fracture 
has been known to accelerate the healing process, whilst late application of 
stimulation may lead to delayed healing. In experimental studies, monitoring of 
healing fracture using callus stiffness has permitted the effects of mechanical factors 
on the overall fracture healing process to be evaluated (fixation rigidity, magnitude 
of loading etc.). Presently, there are methods to monitor the healing of tissues in 
vivo, but these remain limited to certain time points and do not report the healing of 
the tissues for the duration of each study. Also, current in vivo monitoring techniques 
are generally performed for one type of activity, typically gait, and therefore cannot 
be considered as quantification for the entire load history.  
Despite the knowledge gained about the effect of mechanics on the healing 
outcomes from these previous experiments, their design makes them unsuitable for 
investigations on the processes involved during bone healing. Knowledge of the load 
history and characterisation of the healing path, not just the end result, is required. 
Also, development of standardised methods to control the mechanical environment 
of an experimental fracture over the healing period is necessary. These limitations 
have resulted in the formulation of the aims and objectives of this dissertation 
(Chapter 1). Chapter 3 follows with a discussion of the establishment of the bone 
healing model and the techniques used for evaluation.  
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Chapter 3: Bone Healing Model 
This chapter describes the conceptualisation and validation of the novel bone 
healing model. The model requirements are discussed in Section 3.1 and the 
proposed model illustrated in Section 3.2. Finite element modelling (Section 3.3) and 
in vitro mechanical testing (Section 3.4) were completed to evaluate the model prior 
to the in vivo pilot study (Section 3.5). The defect validation study aimed to assess 
the healing capabilities of the bone healing model stabilised using two different 
fixation configurations. Evaluation of results was completed through radiographic 
analysis and microcomputed tomographic analysis (μCT). Section 3.6 summarises 
the chapter and Section 3.7 explains the novelty of the work completed. 
3.1 REQUIREMENTS OF THE MODEL 
A major limitation within the field is the difficulty of controlling the 
mechanical environment of a fracture gap through isolation of physiological loading. 
Attempts have been made to limit weight bearing of the animal by severing the 
Achilles tendon (Augat et al., 2001) and supporting the animals in slings (Bishop et 
al., 2006) (Bishop et al., 2006); however, these have been unsuccessful. 
Therefore, two components are required for successful completion of this 
project: (1) a defect configuration that overcomes previous limitations and isolates 
functional loads from an experimental fracture gap; and (2) an active fixation system 
(Chapter 4) capable of creating controlled conditions within an experimental 
fracture, while monitoring the progress of healing and applying external stimulation. 
The essential and ideal requirements for both these components (the novel defect 
configuration and fixation system) are outlined in Table 3-1. The design of the active 
fixation system is discussed in Chapter 4. 
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Table 3-1: Essential and ideal requirements of the novel defect configuration and active instrumented fixator. 
Defect configuration Active fixator 
Essential requirements Ideal requirements Essential requirements Ideal requirements 
 Rigidly stabilise main fragments of 
tibia; 
 Minimise movement within the 
experimental fracture gap (<0.05 
mm); 
 Exhibit bone healing comparable to 
conventional osteotomy. 
 
 Isolate movement 
within the fracture 
gap. 
 Accurate and precise position control; 
 Lab view connectivity of 
measurement, control and loading 
mechanisms. 
 Export data; 
 Determine (in vivo) the stiffness of the 
healing tissue. 
 Wireless data transfer 
using telemetry; 
 Automated movement 
application. 
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3.2 PROPOSED DEFECT CONFIGURATION 
The novel model proposed by Dr Epari (Trauma Research Group, QUT) 
involved the creation of two defects separated by a mobile segment of bone (Figure 
3-1), with the aim of isolating an experimental fracture gap from the movements 
arising from functional loading. The first step created a critical size defect (30 mm) 
in the proximal region of the tibia. A critical size defect (CSD) is defined as “the 
smallest size intraosseous wound in a particular bone and species of animal that will 
not heal spontaneously during the lifetime of the animal” (Cacchioli, Spaggiari, & 
Ravanetti, 2006; Hollinger & Kleinschmidt, 1990; Schmitz & Hollinger, 1986). A 
critical size defect can also be described when the length of the defect is 2–2.5 times 
the diameter of the affected bone, and for a sheep animal model it has been 
suggested a critical size defect could be three times the diameter of the 
corresponding diaphysis (Gugala, Lindsey, & Gogolewski, 2007). The second 
defect, a 3 mm osteotomy, was located in the distal region of the tibia. This was the 
defect gap of interest, comparable to a conventional osteotomy model. 
 
Figure 3-1: Initially proposed novel bone healing model by Epari; critical size defect in the proximal 
region and experimental fracture in the distal region separated by a mobile segment of bone. 
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3.2.1 Evaluation of Bone Healing Model 
 The criteria used to assess the bone healing model proposed by Dr Epari, to 
ensure it was comparable to a conventional osteotomy are listed below: 
 Blood supply; 
 Tibia geometry; 
 Fixation configuration; 
 Pin anchorage and fixation offset. 
BLOOD SUPPLY 
In the development of the novel bone healing model, blood supply to the 
experimental fracture was an important consideration to ensure successful fracture 
repair (Claes et al., 2012; Fung, 2004; Hankenson et al., 2014; Keramaris, Calori, 
Nikolaou, Schemitsch, & Giannoudis, 2008; McKinley, 2003; Rhinelander, 1974; 
Shapiro, 2008; Tortora & Derrickson, 2009). Therefore, the arteries and veins in the 
three regions of the tibia (epiphysis, metaphysis and diaphysis) (Figure 3-2) were 
observed (Tortora & Derrickson, 2009). The nutrient foramen is the large artery 
which passes through a hole in compact bone near the centre of the diaphysis, and 
which later divides into proximal and distal branches that supply the inner part of the 
compact bone tissue of the diaphysis (McKinley, 2003; Shapiro, 2008; Tortora & 
Derrickson, 2009) (Figure 3-2). The metaphyseal and epiphyseal arteries supply the 
ends of the bone (Marieb & Hoehn, 2007; Tortora & Derrickson, 2009) (Figure 3-2) 
and the periosteal arteries supply the periosteum and outer part of the compact bone 
(Shapiro, 2008; Tortora & Derrickson, 2009).  
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Figure 3-2: Blood supply of a mature tibia (Tortora & Derrickson, 2009, p. 181). 
 
  Observation of the vascularity of the long bones was important to ensure 
a more sufficient blood supply within the experimental fracture; thus it was decided 
that the experimental fracture should be proximal and the critical size defect distal 
(Figure 3-3). 
 
Figure 3-3: Initially proposed bone healing model (A) and the altered bone healing model with the 
experimental fracture more proximal (B). 
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TIBIA GEOMETRY 
To ensure fixation stability, the bone pins should not be inserted into the 
epiphysis (end parts of the long bone), as these regions are not woven bone and thus 
are not strong enough to provide stability when loaded, leading to the possibility of 
pin loosening and infection (Moss & Tejwani, 2007). Therefore, the most proximal 
and most distal pins must be inserted into regions of good cortical bone for 
mechanical stability. Manipulations of the mobile segment were completed relative 
to the proximal main fragment, therefore it was advantageous to use the mid-
diaphysis region (most circular section). Figure 3-4 represents the operative region of 
interest on the sheep tibia, showing section views of the upper, middle and lower 
areas.  
  
 
Figure 3-4: CT image of a sheep tibia displaying the operative region, (A); section views of the upper (B), 
middle (C) and lower (D) regions within the operative area. 
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FIXATION CONFIGURATION 
To stabilise the novel defect configuration, a dual fixation system (Figure 3-5) 
was initially proposed. One fixation was to anchor the mobile segment to the 
proximal main fragment (Figure 3-5-A) and the second stabilised the proximal and 
distal main fragments of bone (Figure 3-5-B). The configuration of the model shows 
that deformation of the fixation device stabilising the main fragments results in 
deformation in the critical size defect due to functional loads. Due to the second 
anchorage between the mobile segment and adjacent main fragment, the relative 
motion within the experimental fracture was hypothesised to be minimal, which 
allowed for control of the mechanical environment. Theoretically, this configuration 
solves the limitations of previous studies. The next step involved finite element 
modelling and in vitro mechanical testing to evaluate the interfragmentary movement 
in both defects. This was then followed by an in vivo validation of the model to 
determine the healing capabilities of both osteotomies for a nine week period.  
 
Figure 3-5: Novel bone healing model with experimental fracture in the proximal region and critical size 
defect in the distal region, separated by a mobile segment of bone [A]. Proposed dual fixation 
configuration with anchorage for mobile segment and proximal main fragment and a separate anchorage 
for main fragments (proximal and distal) [B]. 
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PIN NUMBER AND FIXATION OFFSET 
Factors that contribute to the overall rigidity of the external fixator are the pin 
diameter, number of pins per fragment of bone and the fixator offset (Fragomen & 
Rozbruch, 2006; Giotakis & Narayan, 2007; Moss & Tejwani, 2007). Because the 
size of the mobile segment is only 30 mm, it would be safest to use only 4 mm pins 
to allow for sufficient spacing of 10 mm from pin centre to pin centre and pin centre 
to osteotomy line. A higher pin diameter may lead to splitting of the bone. As this 
segment is only used for manipulations and is free floating, a higher pin diameter 
was not essential. Finite element modelling was completed to assess suitable pin 
diameter, fixation offset and number of pins per fragment of bone, using a rigid 
unilateral fixation to stabilise the bone healing model (Appendix A). The average 
length of a sheep tibia is close to 220 mm, therefore this allows for three pins in each 
main fragment to be inserted, using a separation distance of 20 mm from pin centre 
to pin centre and 10 mm from pin centre to osteotomy line. To allow for sufficient 
swelling postoperatively and ensure a rigid fixation, an offset of 20 mm is 
recommended. The finite element modelling showed that there was not a great 
difference between the use of 6 mm pins and 5 mm pins. Therefore, to minimise risk 
of splitting of the bone, 5 mm pins were selected. 
SUMMARY 
In summary, it was decided that the experimental fracture should be in the 
proximal region and the critical size defect should be in the distal region to ensure a 
sufficient blood supply within the experimental fracture. As the defect is of critical 
size, no healing and stiffening of the tissues will occur during the healing period, 
thus there will be no interference with the in vivo monitoring of the experimental 
fracture. The pin placement was required to be in the diaphysis region of the bone to 
ensure ease of pin insertion, fixation stability and fracture fragment alignment. It was 
also necessary that no muscles insert into the region of the mobile segment to 
minimise interference during manipulations. It is unknown if the mobile segment 
will become necrotic therefore it was important to ensure that the region had good 
peripheral vessel innervations. 
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3.3 FINITE ELEMENT MODELLING 
3.3.1 Introduction 
The purpose of the finite element modelling was to examine the 
interfragmentary movement occurring within the experimental fracture under loading 
and to ensure it was at an acceptable threshold. Studies have found that within an 
experimental fracture, axial interfragmentary movements within the range of 0.2–1.0 
mm are optimal for fracture healing (Claes et al., 1995); however, this does not mean 
movements of 0.1 mm do not influence healing. Therefore, for this study, a threshold 
of maximum allowable movement was set at 0.05 mm. 
3.3.2 Goal and Purpose 
The goal of this preliminary modelling study was to assess the movement 
occurring within the experimental fracture gap and critical size defect under the two 
different fixation configurations, to ensure movement in the experimental fracture 
gap from functional loading was reduced below a threshold (0.05 mm) thought to 
minimise influence on healing. The two configurations investigated were: 
 Novel defect configuration (stabilised with unilateral fixation) (Figure 
3-6A); 
 Novel defect configuration (stabilised with dual fixation) (Figure 
3-6B). 
 
Figure 3-6: Simplified bone healing model representation stabilised with unilateral fixation (A) and dual 
fixation (B). 
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3.3.3 Model Creation and Methodology 
The two models were created using Solidworks v2012 (Dassault Systemes, 
Waltham, MA, USA) and imported into ANSYS Workbench v13 ANSYS INC, 
Canonsburg, Pennsylvania, USA) as a parasolid xt file for analysis (Figure 3-7). 
 
Figure 3-7: Bone healing model stabilised with unilateral (A) and dual fixation (B) with dimensions used 
for the finite element model. 
 
ASSUMPTIONS 
A threshold of maximum allowable movement was set at 0.05 mm. The 
assumptions made for simplification of the model are listed below: 
 Idealised bone, fixator and screw geometry; 
 Fully bonded pin-bone and pin-fixator interface; 
 Highly rigid fixation device; 
 No influence of muscle forces; 
 Dominant loading applied was axial. 
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BOUNDARY CONDITIONS AND MESHING TECHNIQUES 
The bone model and pins were simplified to a cylinder and a rectangular prism 
was used to simulate the fixation device. The number of pins per bone fragment, pin 
diameter, fixation offset and material properties all contribute to the rigidity of the 
device, which influences the healing outcome (Giotakis & Narayan, 2007; Moss & 
Tejwani, 2007). The fixator and pins were modelled as linear elastic, isotropic and 
homogeneous with the material of stainless steel 316, with a Young’s modulus and 
Poisson’s ratio of E = 193 000 MPa and v = 0.3 respectively. For the tibia, the 
cortical shell of the cylinder was modelled as compact bone. The mechanical 
properties were assumed to be linear elastic, isotropic and homogeneous with a 
Young’s modulus and Poisson’s ratio of E = 17 000 MPa and v = 0.3 (Duda, 
Mandruzzato, & Heller, 2001; Little, Wevers, Siu, & Cooke, 1986).   
Interfaces and Loads 
The literature has shown that axial loading dominates the loads experienced in 
long bones (Duda et al., 1998; Taylor et al., 2005). Duda et al. (1998) demonstrated 
that on average the ground reaction force for the hind limbs peaked at approximately 
0.6 BW (Duda et al., 1998). Assuming that the weight of the sheep was 60 kg, the 
anticipated load was 0.6 times body weight (BW) (Taylor et al., 2005) which was 
360 N. This was increased to 500 N to account for possible weight gain of the animal 
in vivo. A fixed support (constrained in all directions) was placed on the distal 
fragment, and the force was placed on the top face of the proximal end, to mimic 
axial physiological loading that was expected to occur (Figure 3-8). Remote points 
(nodes above and below the fracture line) were placed in the near and far cortex for 
all fragments, in order to calculate the interfragmentary movement within both the 
fracture gaps (Figure 3-8). Each of the fixation configurations had an offset of 20 
mm for consistency and result comparison. The main fragments used 5 mm pins and 
the mobile segment 4 mm pins. Bonded contacts were selected between both the pins 
and fixator and the pins and bone. 
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Figure 3-8: Boundary conditions used, displaying force, fixed support and remote point at both defect 
locations. An offset of 20 mm was used with a pin diameter of 5 mm in the main fragments and 4 mm in 
the mobile segment. 
 
Meshing 
Meshing is a vital element within computer-aided simulations, as it influences 
the accuracy, convergence and speed of the solution. The models were meshed with 
a uniform element size of 0.8 mm. A level two mesh refinement was performed on 
all interfaces between the bone, pins and external fixator, thus allowing for the mesh 
density to be increased in these areas, improving the contact behaviour and reducing 
the strain energy density. Convergence of the solution, occurred with 2,740,000 
nodes and 1,500,000 elements for the unilateral fixation and 2,610,000 nodes and 
1,500,000 elements for the dual fixation. 
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3.3.4 Results and Discussion 
It was important to examine the movements occurring the anticipated 500 N 
load and ensure the IFM were below the allocated threshold of 0.05 mm for 
preliminary characterisation of the bone healing model. Table 3-2 compares 
interfragmentary movements in the two defects at the near and far cortex under two 
different fixation configurations under 500 N. In the far cortex, the unilateral fixation 
resulted in 0.207 mm and the dual fixation 0.008 mm. From these results it can be 
seen that the unilateral fixation resulted in a magnitude above the threshold (0.05 
mm), and the dual fixation resulted in one below that magnitude. The results are 
shown to be linear, which allows for the assumption of the interfragmentary 
movements at higher loads.  
One of the limitations of the finite element modelling was using a bonded 
interface between the bone/pins and fixator/pins which eliminated the effects of pin 
bending. Also, only axial loading was examined as it was the dominant load 
experienced within the sheep tibia, thus the effects of other loading conditions were 
not accounted for. 
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Table 3-2: Movement comparison with both defects at the near and far cortex using unilateral and dual fixation under 500 N loading. 
 Near cortex (mm) Far cortex (mm) 
Experimental fracture Critical size defect Experimental fracture Critical size defect 
 X Y (Load) Z X Y (Load) Z X Y (Load) Z X Y (Load) Z 
Unilateral -0.011 
 
-0.122 
 
0.000 
 
-0.118 -0.173 0.000 -0.016 -0.207 
 
0.000 
 
-0.114 -0.304 0.000 
Dual -0.025 0.002 0.003 0.034 -0.488 0.005 -0.021 0.008 0.003 0.029 -0.290 0.004 
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3.3.5 Concluding Statements 
The literature has shown that axial interfragmentary movements within the 
range of 0.2–1.0 mm are optimal for fracture healing (Claes et al., 1995); however, 
this does not mean movements of 0.1 mm are not stimulatory. Therefore a threshold 
was considered to ensure that movements within the experimental defect would be 
below 0.05 mm. As a result of the assumptions made, the results were highly 
idealised, which makes it difficult to predict the outcomes physiologically in vivo. 
Therefore, the next step involved in vitro mechanical testing to further quantify the 
movements occurring within the fracture gaps with the clinical fixation devices to be 
used in the in vivo defect validation study. When using these fixation devices, in 
order to achieve a high rigidity, it was necessary to use two carbon fibre fixators to 
stabilise the proximal and distal main fragments, while the finite element modelling 
was simplified to only use one fixation bar.  
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3.4 IN VITRO MECHANICAL TESTING 
3.4.1 Introduction 
In vitro mechanical testing was completed to compare and evaluate 
interfragmentary movements in both the experimental fracture and the critical size 
defect. It should be noted that the fixation devices and the configurations employed 
were also used in the defect validation study we completed (Section 3.5). Therefore, 
it was important to determine the movements occurring within both fracture gaps 
which were stabilised under two different fixation configurations (dual and 
unilateral) to help characterise the outcomes of the in vivo defect study. 
3.4.2 Goal and Purpose 
The aim of in vitro mechanical testing was to: 
 Measure the interfragmentary movement within both fracture gaps 
under loading; 
 Compare and identify movements within both fracture gaps under 
different fixation configurations to determine if magnitudes generated 
are within a range to cause stimulation or under stimulation. 
3.4.3 Experimental Methodology 
SAMPLE PREPARATION AND MODEL ASSEMBLY 
The two configurations prepared (Appendix B), were the same as those 
evaluated in the finite element modelling completed. Both the unilateral and dual 
fixation were assembled onto a Sawbones (outer diameter 20 mm and a wall 
thickness of 3 mm) (Pacific Research Laboratories, Vashon, Washington, USA) 
(Figure 3-9). The Sawbones (a bone analogue) comprise of a short fibre filled epoxy 
resin, with an elastic modulus stated to be 16.7 GPa. The fixation equipment 
included carbon fibre connection rods, clamping systems and Schanz pins purchased 
from Synthes (Zuchwil, Switzerland).   
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Figure 3-9: Assembly of both configurations in the Instron mechanical testing machine; unilateral (left) 
and dual (right). 
 
For application of the loads, the screwdriven Instron 5567 (Instron Pty Ltd, 
Norwood, MA, USA) (Load capacity 30 kN, position control resolution 0.54 µm and 
position measurement accuracy + 0.02 mm) was used with the attachment of a 
specially designed spherical bearing system which was similar to that of a ball and 
socket joint; the aim of this device was to mimic movements and rotations that are 
anticipated to be experienced under physiological conditions. The loading 
application for testing was a 500 N load (Duda et al. 1998), cycling back to 200 N at 
a rise of 50 N/sec (for hysteresis prevention) for 5 cycles.   
Interfragmentary movements in both the experimental and critical size defect 
were examined using the Optotrak Infrared Optical Tracking System (Northern 
Digital Inc., Ontario, Canada) (resolution 0.01 mm, marker frequency 4600 Hz) and 
analysed further using MATLAB (The MathWorks Inc. Natick, MA, USA). The 
Optotrak system consists of a series of three cameras, which track the movement of 
infrared active markers in three-dimensional spaces. The global coordinate system of 
the Optotrak was initially set up using the coordinate system shown in Figure 3-9. 
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Rigid body (RB) markers were then placed above and below each fracture line 
(Figure 3-9). Using these rigid bodies, the Optotrak system creates an imaginary 
point within the fracture gap to measure the movements at the near and far cortex. A 
customized MATLAB program was used to calculate the movements of the rigid 
bodies and then to calculate the osteotomy IFM as well as the movements occurring 
at the near and far cortex from the data. Within the Optotrak program software, prior 
to each test, a 10 second baseline measurement of the position of the RBs prior to 
loading was recorded.  
3.4.4 Results and Discussion 
Table 3-3 shows interfragmentary movements at the near and far cortex for 
both defects in the model which were stabilised using either unilateral or dual 
fixation. The last loading point was used as a reference for IFM measurement in the 
near and far cortex. It can be seen that with the presence of the second fixation, the 
loading experienced in the experimental fracture was reduced greatly to below the 
threshold (0.05 mm) in the axial direction. The movements also increased within the 
critical size defect under the dual fixation as originally predicted. As mentioned, 
using dual fixation, results in an increase in deformation within the critical size 
defect.  
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Table 3-3: Comparison of movement at the near and far cortex between the unilateral and dual fixation under 500 N of loading. 
 Near cortex (mm) Far cortex (mm) 
Experimental fracture Critical size defect Experimental Critical size defect 
 X Y Z (Load) X Y Z (Load) X Y Z (Load) X Y Z (Load) 
Unilateral -0.018 0.096 -0.346 0.038 0.122 -0.205 0.043 -0.031 -0.928 0.095 0.124 -0.274 
Dual 0.036 0.078 -0.006 -0.048 -0.026 -0.456 0.104 0.067 -0.036 -0.113 -0.037 -0.558 
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3.4.5 Concluding statements 
As shown in the literature, axial interfragmentary movements within the range 
of 0.2–1.0 mm are optimal for fracture healing (Claes et al., 1995) and the values 
obtained from the computational analysis and mechanical testing when the sample 
was stabilised using dual fixation, were below the magnitude considered stimulatory 
within the experimental fracture (< 0.05 mm). It can be seen that the values 
generated in the mechanical testing were mostly greater than in the FEA. When 
modelling the fixation devices, the interfaces between components were represented 
as “bonded” which creates a perfect interface; however, in physical constructs, the 
interfaces are not perfectly rigid. The difference between computational model and a 
physical model can easily reach a factor of 2, because the interfragmentary 
movements are very small (of the order of 0.1 mm). The FEA model was not needed 
to accurately determine the exact magnitude the of IFM, in vitro testing was 
necessary for this, however, the FEA allowed for the efficient testing of the effect of 
various parameters on the fixation stability to identify the most suitable 
configuration. The Optotrak system (resolution +0.01 mm) provided a suitable 
method for tracking the interfragmentary movements within both fracture gaps 
throughout mechanical testing, and the IFMs were comparable to the results 
determined in the preliminary finite element study. A limitation of the mechanical 
testing was that the model was simplified using a SawBone instead of a sheep tibia 
as it was not possible to obtain a sheep tibia long enough to be embedded and allow 
for attachment of the entire fixation system. 
Overall, this mechanical testing study achieved the goals that were set out to 
determine and identify the magnitude of interfragmentary movement within both the 
experimental and critical size defect under cyclic loading, using different fixation 
configurations. It was determined that the magnitude of interfragmentary movement 
with unilateral fixation generated values which would be stimulatory in vivo, 
allowing for fracture healing to commence. When dual fixation was used, the 
magnitude of values was below the threshold leading to possible understimulation in 
an in vivo setting. The next stage involved the in vivo defect study to investigate the 
healing capabilities of both fractures stabilised by each of the fixation configurations.   
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3.5 IN VIVO DEFECT PILOT STUDY 
3.5.1 Introduction 
It is vital to control the mechanical environment with accuracy and precision 
for successful outcomes in mechanobiological studies. Following on from the finite 
element analysis and evaluation of mechanical testing results was the completion of 
an in vivo defect validation study. It should be noted that prior to this in vivo study, 
mock surgeries were completed to allow for basic understanding and pre-operative 
planning of the surgical procedure.  
3.5.2 Goal and Purpose 
The aim of this study was to assess: 
 The healing capabilities of both osteotomies (experimental fracture and 
critical size defect) of the bone healing model stabilised in vivo by 
different fixation techniques throughout a nine week study; 
 The surgical approach for successful application of both the fracture 
model and fixation device configuration to the animal; 
 The post-operative management of the animals throughout the recovery 
period and duration of the study; 
 The overall performance of the animals during the study and evaluation 
of postoperative management techniques used to determine further 
refinements and adjustments for the main in vivo experimental study. 
 
It was hypothesised, based on the in vitro study, that the experimental fracture 
has the potential to heal under unilateral fixation but will not heal under dual 
fixation. 
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3.5.3 Experimental Materials and Methodology 
ANIMALS 
Six healthy skeletally mature merino sheep (aged between 3–8 years) with a 
mean weight of 50 + 10kg were divided into two groups (unilateral n=3 and dual 
n=3). All experiments were carried out according to the policies and principles 
established by the National Health and Medical Research Council (NHMRC) and 
Australian Code of Practise for the care and use of animals for scientific purposes. 
Ethics approval was granted by the University Animal Ethics Committee (UAEC) 
(ethics number: 1200000190). 
EXPERIMENTAL MODEL 
The in vivo study examined the healing capabilities of the bone healing model 
stabilised in two fixation techniques: dual (Figure 3-10A) and unilateral (Figure 
3-10B). In the unilateral fixation group (positive control) all fragments were 
connected to the same connecting rod, allowing mechanical loads to be transferred 
via the fracture gap. From the mechanical testing completed, it can be seen that the 
movement generated at the near and far cortex using unilateral fixation (-0.346 mm 
and -0.928 mm) would be at a magnitude to stimulate the fracture healing process. 
The dual fixation group (negative control) used two separate fixation rods (one 
connecting the main fragments of bone and another connecting the mobile segment 
and the adjacent main fragment) (-0.006 and -0.036 mm), aiming to cause an 
understimulation in the fracture gap. The results from the mechanical testing of this 
configuration demonstrated that the movement magnitude would be below that 
which would stimulate the commencement of the fracture healing process, therefore 
it was hypothesised that this gap would not heal. 
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Figure 3-10:  The bone healing model was stabilised using dual fixation (A) and unilateral fixation (B). The 
dual fixation aimed to cause an understimulation, whereas the unilateral fixation allowed for the transfer 
of loads via the fracture gap. 
 
SURGICAL METHODOLOGY AND POSTOPERATIVE MANAGEMENT 
With the animal under general anaesthesia, markings were made for all pin 
sites to be used to ensure they were all spaced suitably from one other and from each 
osteotomy. Each pin site was required to be pre-drilled with a suitable drill bit (3.5 
mm drill bit for the 5 mm Schanz pins and a 2.5 mm drill bit for the 4 mm Schanz 
pins). Initially, the most proximal and most distal pins in the main fragments were 
inserted to ensure the alignment of the connecting rod for the main fragments, 
followed by the insertion of the remaining pins. The remaining pins were then 
inserted and attached to the fixators, and two transverse osteotomies were created: an 
experimental fracture of 3 mm and a critical size defect of 30 mm. The unilateral 
fixation surgical representation and the dual fixation approach are shown in Figure 
3-11 and Figure 3-12 respectively. In the dual fixation group, the first fixation 
stabilised the proximal and distal ends on the medial side and the second anchored 
the mobile segment to the proximal main fragment using 4 mm pins on the 
anteromedial side. The postoperative image at the end of both surgeries is shown in 
Figure 3-13. Appendix C provides a more detailed description of the surgical 
procedure for the unilateral and dual fixation. 
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Figure 3-11: Unilateral fixation surgical technique on the medial side of the tibia, stabilising all bone 
fragments onto the same fixation device. 
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Figure 3-12: Dual fixation surgical technique. The first fixation stabilises the main fragments (proximal 
and distal) on the medial side, and the second fixation on the anteromedial side stabilises the mobile 
segment and proximal main fragment. 
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Figure 3-13: Postoperative images of configurations used to stabilise the novel bone healing model 
unilateral fixation (left) and dual fixation (right). 
 
Throughout the healing period the sheep were monitored on a daily basis 
against a monitoring sheet for signs of pain and distress. Following surgery, each of 
the animals were given individual stalls to minimise the risk of injury, as they were 
given unrestricted weight bearing (Figure 3-14). Weekly pin site cleaning was 
completed and fortnightly radiographic images were taken. 
 
Figure 3-14: Sheep freely weight bearing in individual pens. 
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RADIOGRAPHIC IMAGES  
Radiographic images were taken directly postoperatively and then on a 
fortnightly basis to ensure alignment of the fracture fragments. The images were also 
used to ensure no pin loosening or splitting of the bone had occurred throughout the 
healing period.  
MICROCOMPUTED TOMOGRAPHY 
Following the sacrifice of the animal the fixation devices were carefully 
removed in preparation for microcomputed tomography. The sheep tibia was 
suitably dissected at the Institute of Health and Biomedical Innovation (Brisbane, 
Australia), and scanned using a desktop microcomputed tomography imaging 
machine (μCT40; Scanco Medical, Bassersdorf, Switzerland), with a 36 μm isotropic 
voxel size and a 200 ms integration time, at 75 keV of energy in 70% ethanol. The 
volume of interest (VOI) (maximum allowable length 75 mm to fit inside CT 
scanning tube) included the experimental fracture, mobile segment and critical size 
defect and 10 mm of bone on the proximal and distal ends. 
3.5.4 Post Mortem Evaluation 
All animals showed what constituted regular wound healing wound healing 
throughout the study. After nine weeks, the sheep were euthanized and bone healing 
within the experimental fracture was evaluated for both the dual and unilateral 
fixation groups. This involved analysis of the fortnightly radiographic imaging and 
microcomputed tomography evaluation. 
RADIOGRAPHIC IMAGES 
Postoperatively, the radiographic images for both groups (Figure 3-15) show 
that in most cases the bone fragments have remained aligned throughout the healing 
period; however, some cases had resulted in a noticeable misalignment of the mobile 
segment relative to the proximal fragment (#1307 and #09c4334). 
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Figure 3-15: Euthanasia x-rays for all groups showing that the majority of samples showed alignment 
between the mobile segment and proximal main fragment. In some cases however, the alignment between 
the proximal and distal fragments was lost. 
  
 
  
  
MICROCOMPUTED TOMOGRAPHIC EVALUATION 
Figure 3-16 and Figure 3-17 display the microCT results for the unilateral and 
dual fixation groups respectively. Both groups have shown no healing within the 
critical size defect, as originally hypothesised. The unilateral fixation samples 
showed signs of healing (either bridging or callus formation). One sample in the dual 
fixation group resulted in no healing as a result of the second anchorage between the 
mobile segment and proximal main fragment, possibly due to an understimulation 
being caused within the experimental fracture. The other two samples, however, 
showed signs of bridging.  
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Figure 3-16: μCT describing experimental and critical size defect of the unilateral fixation group; 
#09c4334 showed signs of callus formation and no bridging within the experimental gap, #1281 showed no 
signs of external callus and #1286 showed bridging but no external callus formation. 
 
 
Figure 3-17: μCT describing experimental and critical size defect of the dual fixation group; #1306 showed 
no signs of healing within the experimental fracture whereas both #1308 and #1307 had bridging of the 
fracture fragment ends. 
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3.5.5 Discussion 
This defect study aimed to examine the healing capabilities of the experimental 
fracture under different fixation configurations. All anaesthetic and surgical 
operations were performed safely and as planned from the mock surgeries. Analysis 
of the experimental fractures and critical size defect was completed through 
radiographic analyses and microcomputed tomography (µCT).  
Alignment was lost in preparation for microCT due to the weakness of the 
critical size defect, therefore the radiographic images were used to judge alignment. 
Throughout the study, it was difficult to assess the healing capabilities of both 
fractures as most of the energy of the x-ray machine was absorbed by the 
surrounding artefacts (the fixation devices, pins and clamps). Attempts were made to 
reduce the capture window to just the bone and reduce the energy of the machine to 
capture signs of callus formation; however, no difference was observed. Therefore 
the radiographic images were used to check fragment alignment and to ensure no pin 
loosening or internal fractures had occurred throughout the postoperative period. The 
animals responded well to the surgical treatment and throughout the post-operative 
period. It should be noted that, due to the complexity of the surgery, in some cases 
(Table 3-4), the neurovascular bundle had been severed. This altered the gait of the 
animals, resulting in overloading of the contralateral limb and knuckling over of the 
hoof of the operated limb postoperatively. A small splint was made and fitted onto 
the metatarsal region to assist the sheep to return to a normal gait. However, this 
complication may have caused an understimulation within the experimental fracture 
of each of these animals.  
The radiographic images showed that most samples maintained alignment 
between the mobile segment and proximal main fragment; however, in a few cases, 
misalignment was observed either between the mobile segment and proximal main 
fragment or between the proximal and distal fragments.  
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The microCT for the unilateral fixation showed that sample #09c3443 
displayed signs of callus formation but no bridging within the gap. Sheep #1281 
showed no excess callus formation and #1286 showed signs of bridging but no 
excess callus formation. The misalignments observed in the fixation may have been 
a result of the bending moments generated from the movement of going from a 
standing position to lying down, or possibly from contact with the ground or even 
other sheep. Improper pin insertion and alignment may have also been a contributory 
factor. 
The microCT images for the dual fixation group show that no signs of healing 
occurred for sheep #1306 as expected. For sheep #1307 and #1308, however, there 
appear to be signs of internal healing. Both these sheep had nerve damage, which 
was shown by the bending of the hoof of the sheep and its inability to resume gait/ 
weight bearing during the postoperative period. The healing observed could have 
been a result of response of the periosteum and soft tissues to the osteotomies 
created. Both groups showed that the critical size defect did not heal and the mobile 
segment appeared healthy as there were no signs of resorption. 
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Table 3-4: Postoperative assessment of animals in the unilateral and dual fixation groups 
Sheep number Fixation  technique Sheep specifications 
(Age, weight, gender and species) 
 
Surgical  complications Postoperative  observations 
09C4334 Unilateral 8 years, 61.7kg, female, merino cross Nerve damage  Animal eating and drinking behaviour 
normal 
 Leg dragging and hoof bent 
1281 Unilateral 3-4 years, 45kg, male, merino  Nerve damage  Animal eating and drinking behaviour 
normal 
 Leg dragging and hoof bent 
1286 Unilateral 3-4 years, 53kg, male, merino  -  Animal eating and drinking behaviour 
normal 
 Able to comfortably weight bear 
1307 Dual Younger sheep as epiphyses not closed, 
47.8kg, male, merino cross 
Nerve damage  Animal eating and drinking behaviour 
normal 
 Leg dragging and hoof bent 
1306 Dual 3-4 years, 47.7kg, male, merino cross -  Animal eating and drinking behaviour 
normal 
 Comfortably weight bearing 
1308 Dual 3-4 years, 53kg, male, merino cross Nerve damage  Animal eating and drinking behaviour 
normal 
 Leg dragging and hoof bent 
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3.5.6 Concluding statements 
This defect study achieved some of the goals outlined; however, the results 
were not as expected, therefore the surgical approaches for osteotomy creation and 
fixator device required modification. The surgical approach for the critical size 
defect was the same technique adopted by surgeons in the segmental defect studies at 
the Institute of Health and Biomedical Innovation (Brisbane, Australia). Due to the 
location of the critical size defect, mobile segment and experimental fracture, more 
care needs to be taken in future studies to prevent cutting the neurovascular bundle 
during the surgery. The outcomes from this study permitted the development of 
further refinements (both surgical and postoperative management techniques) which 
informed the main in vivo study, to prevent the occurrence of similar complications. 
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3.6 CHAPTER DISCUSSION 
This chapter describes a newly conceptualised bone healing model which 
aimed to minimise movement within the experimental fracture gap. The model was 
evaluated through finite element modelling, in vitro mechanical testing and an in 
vivo defect validation study. FEA and mechanical testing of the fixation constructs 
was applied to determine appropriate configurations to stimulate or suppress healing. 
It was assumed that the axial loads would be the dominant loads experienced in vivo. 
Assuming that the weight of the sheep was 60 kg, the anticipated load was 0.6 BW 
(Duda et al., 1998) which equates to 360 N. This value was increased to 500 N to 
account for increased body weight. The literature has shown that axial 
interfragmentary movements within the range of 0.2–1.0 mm are optimal for fracture 
healing (Claes et al., 1995), however this does not mean movements of 0.1 mm are 
not stimulatory. Therefore, a threshold was considered to ensure that movements 
within the experimental defect were below 0.05 mm. 
 As mentioned, the FEA was not necessary to determine the magnitude of the 
IFM but instead allowed for testing of different fixation parameters to determine a 
suitable fixation configuration. It was determined that, the dual fixation system 
minimised IFM within the experimental fracture gap in comparison to the unilateral 
fixation system. This was then followed by in vitro mechanical testing to determine 
the magnitude of interfragmentary movements occurring within both fracture gaps 
under the anticipated loading of 500 N. It was confirmed that when the bone healing 
model was stabilised by dual fixation, the movements within the experimental 
fracture gap were reduced to a magnitude which would not be considered stimulatory 
under anticipated loading conditions, whilst the unilateral fixation generated 
movements which was within the range considered to be stimulatory. The results of 
the mechanical testing assisted in providing knowledge of the movements likely to 
occur in the experimental fracture gap in the in vivo study.  The influence of loading 
rate of the magnitude of the interfragmentary movement was not investigated. In a 
fixation construct, the magnitude of the interfragmentary movement is 
predominantly determined by the deformation of the external fixator (pins and bars). 
The bone can be assumed to behave as a rigid body. Since the fixator materials are 
linear elastic, the construct deformation is independent of the loading rate. 
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From the mechanical testing data, an in vivo defect validation study was 
undertaken determine if the novel defect configuration supported the potential for 
healing (unilateral group) or led to an understimulation of healing due to reduced 
functional loading (dual group). The callus formation between the two groups could 
not be easily distinguished, due to less than expected callus formation in the 
stimulated group as a result of lack of control of the magnitude of in vivo 
movements. However, signs of the potential for callus formation to occur were 
observed in the unilateral group, and signs of understimulation in one sheep in the 
dual fixation group were observed. 
3.7 WHAT IS NOVEL 
This model provided, for the first time, an opportunity to control the mechanical 
environment in an experimental fracture, largely independent of physiological loading. 
Through both the computational modelling and mechanical testing, it was observed that 
IFM within the experimental defect was reduced when a dual fixation was used, in 
comparison to a unilateral fixation. However, the testing completed in both the 
computational modelling and the mechanical testing was highly idealised, therefore it 
was not confirmed in an in vivo mechanical environment if the experimental fracture is 
independent from physiological loading. 
Due to the inconclusive results achieved in the defect validation study, the 
need for an active instrumented fixator is apparent as well as development of a 
suitable surgical protocol. In the following chapter, the design process and 
development of the active instrumented fixator and its evaluation will be discussed. 
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Chapter 4: Active Fixator Design Process 
This chapter discusses the design process of the active instrumented fixator. 
The limitations of previous models used in the research field are identified in Section 
4.1, allowing for the formulation of the key design requirements (Section 4.2). 
Section 4.3 describes the design process which highlights the specifications required 
and the motor selection process. The first concept of unilateral fixation (Section 4.4) 
was then evaluated. Section 4.5 proposes the second concept of dual fixation, which 
was evaluated through in vitro mechanical testing and a preliminary in vivo 
validation study. Section 4.6 proposes and evaluates several key modifications to the 
fixator design to address issues encountered in the preliminary in vivo validation 
study. The chapter then concludes with an overall discussion (Section 4.7) and a 
description of what was novel (Section 4.8). 
4.1 PROBLEM IDENTIFICATION 
It has been previously determined that through manipulation of the mechanical 
environment (fixation stiffness, controlled loading or dynamization), tissue 
differentiation throughout the fracture healing process can be influenced. Small 
interfragmentary movements are known to be beneficial to fracture healing (Claes et 
al., 1995, 1997; Goodship & Kenwright, 1985) and large interfragmentary 
movements are critical to healing (Claes et al., 1997; Goodship & Kenwright, 1985). 
Due to the inability to completely isolate uncontrolled functional loading, the impact 
of external stimulation on the processes involved during fracture healing is not 
entirely understood. This limits the questions which can be investigated to examine 
the mechanobiology of healing.  
In this project, therefore, a novel bone defect configuration (Chapter 4) has 
been proposed to overcome the limitations of previous investigations and enable the 
experimental defect to be isolated from functional loads. This chapter discusses the 
design of the active instrumented fixation device which was to be combined with the 
novel bone healing model for the main in vivo study (Chapter 5).  
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4.2 KEY DESIGN SPECIFICATIONS 
The active instrumented fixation device aims to apply controlled displacements 
to the experimental fracture, in addition to monitoring tissue stiffness during healing. 
The essential and ideal requirements of the device are described in Table 4-1. 
Table 4-1: Essential and ideal requirements of active instrumented fixator based on the characteristics of 
the defect configuration. 
Active Instrumented Fixator 
Essential specifications Ideal specifications 
 Accurate and precise position control; 
 Lab view connectivity of measurement, control and 
loading mechanisms; 
 Export data; 
 Monitor in vivo the axial stiffness of the healing 
tissue. 
 Wireless data transfer using 
telemetry; 
 Automated control. 
 
Figure 4-1 represents the design process that was followed. A technical review 
(Section 2.8) was completed which evaluated previous experimental models used 
(monitoring, passive and active) for the formulation of the active fixator 
requirements. This was followed by the selection of a suitable motor system. Finite 
element modelling was completed for the determination of fixation offset, number of 
pins and pin diameter (Appendix A). This led to the consideration of two concepts; 
unilateral and dual fixation. Through evaluation techniques using finite element 
modelling and in vitro mechanical testing, the final design was manufactured for the 
main study (Chapter 5).  
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Figure 4-1: Design process to achieve final design concept for the in vivo application study. 
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4.3 DESIGN PROCESS  
Section 4.3.1 outlines the essential requirements of the fixation device. 
Through an analysis and evaluation of motors currently available, the most suitable 
one for the project was selected (Section 4.3.2). 
4.3.1 Outline of Requirements 
Factors that were considered for the design of the active instrumented fixation 
are outlined in Figure 4-2. Generally, fixation stiffness is a primary consideration 
when designing a biomechanically reliable fixator. The stability of the fixation can 
be altered and the bending moments that occur in the pins can be impacted through a 
change in stiffness (Goh, Thambyah, Noor Ghani, & Bose, 1997). Rigid fixation can 
reduce pin tract infections and pin loosening, allowing for a contact healing outcome, 
whilst allowing for flexibility in fixation induces more periosteal callus formation 
(Huiskes & Chao, 1986). It was important for the device to be as rigid as possible to 
ensure control of the mechanical environment of the experimental fracture in order to 
allow for the application of external loads. 
 
Figure 4-2: Outline of biomechanical, motor and controller, mechanical, surgical and postoperative 
requirements for the design and validation of the active instrumented fixator. 
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4.3.2 Motor Selection Process 
Prior to the commencement of design and development of the preliminary 
prototype, it was necessary to purchase a suitable motor system for the manipulation 
of the mobile segment. The selection of motor was crucial, as it controls the mobile 
segment and the creation of specified loadings within the experimental fracture. 
Table 4-2 describes the necessary requirements of the motor for this project. 
Currently, there are different motor systems available, each with their advantages 
and disadvantages (Table 4-3).  
Table 4-2: Essential and ideal requirements of the motor. 
Motor Requirements 
Essential requirements Ideal requirements 
 Accurate and precise position control; 
 High force; 
 Minimal displacements; 
 Export data; 
 Low weight and small size; 
 Monitor in vivo the stiffness of the 
healing tissue. 
 Wireless data transfer using 
telemetry; 
 Automated application of 
movements. 
 
Using the required specifications, numerous companies (Zaber, Linear 
Bearings, Maxon Motors and PI Instruments) and their devices were compared for 
their advantages and disadvantages and mechanical specifications in order to find a 
suitable system (Table 4-4 and Table 4-5). Most of the devices within these 
companies met the essential specifications; however, their weight and overall size 
made them unusable; they were more suitable for industrial applications than for 
medical applications.  
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Table 4-3: Different systems of motors currently available in the market. 
System (Motion) Advantages Disadvantages 
Mechanical actuators  Cheap, repeatable, no power source required, 
self-contained, identical behaviour extending 
or retracting. 
 Manual operation, no automation. 
Hydraulic actuators  Very high forces possible.  Can leak; 
 Requires position feedback for repeatability (external 
hydraulic pump required and some designs are good in 
compression only). 
Pneumatic actuators  Strong, light, simple, fast.  Precise position control impossible except at full stops. 
Piezoelectric actuators  Very small motions possible.  Requires position feedback to be repeatable. Short travel, low 
speed, high voltages required; 
 Expensive; 
 Good in compression not in tension. 
Electro-mechanical 
actuators 
 Cheap, repeatable, operation can be 
automated, self-contained, identical behaviour 
extending or retracting. 
 Moving parts prone to wear. 
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Table 4-4: Comparison of motors and controllers. 
Actuators Controller/Driver Company Advantages Disadvantages 
M-238 High load. 
High Resolution 
Linear actuator 
C-863 Mercury Servo 
Controller 
PI Instruments  High dynamics and high torque;  
 Low heat and low vibration. 
 
 High weight. 
PI-602 E625 Piezo Servo- PI Instruments  Position control with strain gauge or capacitive 
sensor; 
 Frictionless flexure guiding system for straight 
motion; 
 Integrated motion amplifier for travel ranges of 
1 mm; 
 High dynamics and stiffness. 
 
 High cost;  
 High weight; 
 Overall size. 
Spindle drive GP 
32 S diameter 32 
mm ball screw 
EPOS2 Positioning 
Control Unit 
Maxon motors  Light weight; 
 Small size for all units; 
 Good precision and accuracy; 
 High continuous and intermittent loading; 
 Compatible controller and sensor. 
 High diameter for motor.   
Linear Actuator 
NEMA 
Stepper Motor Controller 2 
Phase up to 2.5 A per 
phase 
Zaber  High force; 
 High travel range; 
 Position lead screw; 
 Low cost. 
 
 Extremely large size; 
 No integrated controller; 
 Used mainly for industrial 
applications. 
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Table 4-5: Comparison of actuator specifications. 
Actuator Load (N) Travel Range 
(mm) 
Velocity  (mm/s) Weight(g) Size (mm) 
Diameter Length Width Depth 
M238 400 50 30 2400 - 347.2 63.9 - 
PI-602 400 1 - 88 - 126 34 14 
Spindle Drive 
GP32S 
850 40 7.96 331 32 132.6 - - 
Linear Actuator 
NEMA 
950 60 50 740 - 266.2 86.3 86.3 
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The spindle drive (Figure 4-3) (Maxon Motors, Switzerland) was selected as 
the device to be implemented as it met all of the essential specifications. The 
complete system consists of a spindle drive, motor, encoder and sensor. The spindle 
drive transfers the power generated by the motor into a linear feed rate and feed 
force. In addition to this, a position controller and cable adaptor (connected to the 
motor) was purchased. 
 
Figure 4-3: Spindle drive system (left) and driving motor (right) (Maxon Motors, Switzerland). 
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4.4 CONCEPT – UNILATERAL FIXATION 
After completing an evaluation of previous fixation designs (Section 2.8) 
(monitoring, passive and active), determining the fixation characteristics (Appendix 
A) and selecting the motor, the first concept of a highly rigid unilateral fixation was 
considered and evaluated.  
One example of a unilateral small fixator with capability of allowing either 
controlled axial movement or shear was the one developed by Augat and colleagues 
(Figure 4-4) (Augat et al., 2003). Due to the pin arrangements, this device ensures 
torsional stability.  
 
Figure 4-4: Augat et al.’s fixator allowing for either controlled axial movement or shear movement (Augat 
et al., 2003, p. 1012). 
 
The device itself can also be used as a drill guide for pin insertion, which 
allows for standardised techniques between surgeries. Inspiration was taken from 
this design for the development of a highly rigid unilateral fixation. Using 
Solidworks, different devices were modelled using the same clamping system as the 
shear fixator (Figure 4-5A and Figure 4-5B). However, for incorporation of the 
spindle drive motor from Maxon Motors and to ensure axial rigidity, the final design 
is shown in Figure 4-5C. 
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Figure 4-5: Preliminary unilateral fixation concepts. 
 
Figure 4-6 shows a representation of the chosen concept and its features. As 
can be seen in the design (Figure 4-6A), the most proximal and distal screws have 
separate brackets. This was because these pins were to be placed in first to ensure 
that the overall system is aligned suitably prior to insertion of the remaining pins 
(similar to the procedure undertaken during the pilot defect validation study). The 
fixator body allows for the use of drill guides and sleeves for ease of pin hole drilling 
and pin insertion.  
To allow for movement of the mobile segment, a guided roller was designed. 
A cylindrical column system was incorporated and the mobile segment clamp was 
attached to these cylinders with teflon bushings (Figure 4-6B). Teflon bushings were 
also placed on the inside cylinders to reduce friction with the cylindrical rods during 
the mobile segment manipulations. The far end of the spindle was turned down to 
accommodate for the bearing and was secured onto the system using the spindle 
bush (Figure 4-6C). The flange nut was also used to assist with attachment of the 
spindle drive to the system. The fixator was symmetrical to allow for the motor and 
spindle bush to be placed on either end, ensuring an easier surgical procedure.  
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Figure 4-6: Unilateral fixation deivce showing that the proximal and distal pins have separate brackets 
(A). Teflon pad locations and cylindrical rod system to ensure ease of movement applications (B); motor 
attachment points using the flange nut and spindle bush (C). 
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4.4.1 Material Selection, Manufacturability and Environmental 
Suitability 
Suitable material selection allows for products to be created which perform 
their function effectively and safely at an acceptable cost. The overall shape of the 
device dictates the manufacturing process, which influences the overall performance 
of the material. The cost of the material used will be affected by overall size of the 
fixator components and the number of fixators manufactured.  
The environment in which the material has been exposed can impact on its 
mechanical properties. The temperature controlled room at the Medical Engineering 
Research Facility (MERF) near the Prince Charles Hospital in Brisbane was to be 
used. Since the equipment was required to be sterilised at a high temperature prior to 
surgery, it was important to ensure that the materials selected are capable of 
withstanding these temperatures. Due to the dimensions of the sheep tibia, the size 
and weight of the design as well as the surgical approach are crucial to prevent both 
pin loosening and splitting of the bone. Four materials were investigated (Table 4-6) 
to determine a suitable selection. It was decided that the fixator body, mobile 
segment clamp and bracket systems were to be manufactured from aluminium alloy 
(6061) and the cylindrical rods from stainless steel. The overall performance of these 
materials is the hardest to predict during the design stage, hence the need for the 
manufacture and validation of the unilateral prototype. 
Table 4-6: Mechanical properties of materials to be used (Duda et al. 2001, p. 641 and 
http://www.azom.com/). 
 Young’s modulus 
(MPa) 
Melting Point 
(°C) 
Machinability 
Stainless Steel (medical 
grade 316) 
193000 1370 Poor 
Aluminium Alloy (6061) 68900 582 Very good 
Carbon Fibre 181000 1204 Poor 
Titanium 110000 1660 Good 
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4.4.2 Unilateral Fixator Evaluation 
IN VITRO MECHANICAL TESTING 
Mechanical testing was required to investigate the performance of the 
unilateral prototype. The device was assembled onto a SawBone and placed into the 
screwdriven Instron 5578 (Instron Pty Ltd, Norwood, MA, USA) with the 
attachment of a specially designed spherical bearing system (Figure 4-7). The same 
testing methods as described previously (Section 3.4.3) were used. The goal was to 
ensure that the defect configuration and unilateral prototype minimised movement 
within the experimental fracture to below the threshold previously specified (0.05 
mm). Rigid body markers were placed above and below each defect. The Optotrak 
System (Northern Digital Inc., Canada) in combination with the MATLAB program 
was used to measure and calculate the interfragmentary movement in both defects. 
The anticipated load of 500 N was investigated (Table 4-7).  
 
Figure 4-7: In vitro mechanical testing of the unilateral prototype. 
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Table 4-7: Interfragmentary movement within the experimental fracture under 500 N using the 
unilateral prototype 
 Interfragmentary Movement (mm) 
Load (N) Near Far 
X Y Z (Load) X Y Z (Load) 
500 0.096 
 
-0.022 
 
-0.094 
 
0.029 
 
-0.019 
 
-0.096 
 
 
Table 4-8 shows the comparison of interfragmentary movement at both the 
near and far cortex for the devices used in Chapter 3 and the unilateral prototype.  
Table 4-8: Comparison of interfragmentary movement within the experimental fracture at the near 
and far cortex under the three fixation systems at 500 N. 
Fixation Interfragmentary Movement (mm) 
Near Cortex Far Cortex 
 X Y Z (Load) X Y Z (Load) 
Unilateral -0.018 0.096 -0.346 0.043 -0.031 -0.928 
Dual 0.036 0.078 -0.006 0.104 0.067 -0.036 
Unilateral 
Prototype 
0.096 -0.022 -0.094 0.029 -0.019 -0.096 
 
Advantages and Disadvantages of Design 
Despite the rigidity of the prototype, the bending of the pins could not be 
reduced. It can be seen that the movements are also above the threshold value in the 
loading direction and therefore can be considered to be stimulatory in an in vivo 
setting. The surgical approach using this large fixator would also be quite 
challenging, since all the pins have precise locations. Its large size and weight may 
also lead to postoperative complications. The disadvantages of this unilateral 
prototype outweigh its advantages, therefore modifications were required to improve 
the design for the in vivo study. It was decided to return to the original concept of 
using a dual fixation system.  
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4.5 CONCEPT – DUAL FIXATION 
4.5.1 Design Process 
The original concept of the dual fixation system proposed in Chapter 3 was 
revisited. The carbon fibre fixation (used in the defect validation study Section 3.5) 
was to stabilise the proximal and distal main fragments. The active instrumented 
fixator was to anchor the mobile segment to the proximal main fragment. This 
fixator was designed through modifications of the manufactured unilateral prototype. 
It was important to reduce the weight and size of the fixator but still maintain 
sufficient strength. Solidworks was used for the design modifications and ANSYS 
for the evaluation. Within ANSYS, suitable material properties were assigned to the 
components as well as meshing techniques to achieve convergence of the result. The 
following sub-sections provide a description of the finite element modelling 
techniques employed to reduce the weight of the fixation body, mobile segment 
clamping system, and the final design of the pin bracket system.  
FIXATION BODY 
The first step for the weight and size reduction was removal of the distal end of 
the preliminary prototype design (Figure 4-8). 
 
Figure 4-8: Removal of distal end of clamp from the unilateral prototype. 
 
For the boundary conditions in ANSYS, the maximum continuous feed force 
of the motor was 846 N; this was increased to 1200 N as a factor of safety and placed 
on the location where the motor would be attached, and a fixed support was placed 
on the face of the fixator where the pins would be (Figure 4-9).  
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Figure 4-9: Boundary conidtions of the applied force and fixed support locations for the analysis of the 
fixation frame. 
 
Alterations were then made to reduce specific dimensions of the fixation 
device and evaluate its strength/ stiffness relative to its mass through finite element 
modelling (Figure 4-10). The frame body was to be made from aluminium alloy 
6061 and the cylindrical rods of medical grade stainless steel. As each dimension 
was altered, records were made of the weight of the fixator in grams using 
Solidworks, with suitable material properties assigned to the fixator. A body size 
mesh was used to achieve convergence of the solution. 
 
Figure 4-10: Dimensions altered to reduce overall weight of fixator. 
 
Table 4-9 describes the dimension changes completed on the fixation body; the 
evaluation of the results for each of the fixation frame designs shown in Figure 4-11 
is presented in Table 4-10. 
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Table 4-9: Dimension changes on the fixation body. 
Fixator Description 
Fixator body with rods 
Mass 
(g) 
Breath of top 
flange 
“b” (mm) 
Overall Length 
(mm) 
Thickness of Top 
Flange “d” (mm) 
Window Length and width 
(mm) 
Rod 
Diameter 
(mm) 
3 proximal pins half frame body (A) 337.08 12 139.00 10 40 x 40 10 
2 proximal pins half frame body (B) 320.88 13 121.70 10 46 x 40 10 
2 proximal pins with top mid-section 
removed (C ) 
195.63 7 128.30 10 56 x 40 8 
 
2 proximal pins with sections 
removed (D) 
176.28 7 126.30 8 40 x 40 10 
Final frame body design ( E) 
 
183.75 7 109.50 10 56 x 40 8 
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Figure 4-11: Active fixation body designs. 
 
Overall, the results showed that the fixation frame (Figure 4-11E) generated 
both a suitable directional deformation and stresses experienced for the weight of the 
device itself (Table 4-10). The next step involved the evaluation of the mobile 
segment clamp. 
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Table 4-10: Evaluation of fixation body dimension changes. 
Fixator Description 
 
Mass (g) Directional Deformation (mm) Meshing Techniques Meshing Convergence 
X (Load) Y Z Body sizing (mm) Nodes Elements 
3 proximal pins half frame body (A) 337.08 0.115 0.000 0.003 2 218,000 143,000 
2 proximal pins half frame body (B) 320.88 0.050 0.006 0.003 2 207,000 136,000 
2 proximal pins with top mid-section removed (C ) 195.63 0.766 0.003 0.007 1 1,235,0009 820,000 
2 proximal pins with sections removed (D) 176.28 0.158 0.024 0.031 1 959,000 650,000 
Final frame body design (E) 183.75 0.526 0.002 0.004 1 1,186,000 790,000 
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MOBILE SEGMENT CLAMP 
For the boundary conditions in ANSYS, the maximum anticipated force of the 
motor (1200 N) was placed on the location where the motor flange would be 
attached within the clamp, and a fixed support was placed on the face of the fixator 
where the pins would be (Figure 4-12).  
  
 
Figure 4-12: Boundary conditions used for the finite element evaluation of the mobile segment clamp. 
 
The size of this clamp was dependent on the size of the flange attached to the 
spindle drive motor. The masses of both devices were compared with analysis of the 
deformations and stresses experienced under the specified loading.  
 
Figure 4-13: Two clamping devices examined with suitable meshing techniques. 
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Convergence of the solution occurred with 90,100 nodes and 61,500 elements 
for clamp 1. For clamp 2, 65,000 nodes and 42,000 elements were required until 
convergence occurred. It was ultimately decided that Clamp 2 (Figure 4-13B) 
provided the best outcome (Table 4-11), with a reduced overall weight and 
maximum equivalent stress, and only a minimal increase in the total deformation of 
the loading direction was observed.  
Table 4-11: Clamp finite element modelling weight reduction and evaluation of deformation. 
Clamp 
Design 
Weight 
(g) 
Total Deformation 
(mm) 
Max 
Equivalent 
Stress 
(MPa) 
 
Meshing 
Technique 
Meshing 
Convergence 
X Y 
(load) 
Z Body Sizing Nodes Elements 
Clamp1 139.26 -0.004 -0.014 0.000 47.91 3 90,100 61,500 
Clamp 2 70.52 -0.007 -0.021 0.000 32.33 3 65,300 42,000 
 
PIN BRACKET SYSTEM 
The pin bracket systems were altered for each of the different frame bodies and 
for the mobile segment clamp. Since both the frame body and clamp were selected, 
the suitable brackets for these components are shown in Figure 4-14I and Figure 
4-14J. 
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Figure 4-14: Pin brackets for the mobile pins and proximal pins. 
 
The use of a bracket with this design allowed it to be used as a drill guide 
(Figure 4-15). 
 
Figure 4-15: Using the fixator body in combination with the brackets as a drill guide. A drill sleeve can be 
clamped into the system to pre-drill the bone (left) prior to insertion of the pins (right). 
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4.5.2 Dual Fixator Evaluation  
IN VITRO MECHANICAL TESTING  
Following design modifications, the final design to be used in a dual fixation 
system was manufactured (Figure 4-16). Evaluation techniques were completed 
using in vitro mechanical testing and a preliminary in vivo study. The in vitro testing 
aimed to determine the interfragmentary movement occurring within the fracture gap 
and the pilot in vivo study aimed to determine a suitable surgical approach and 
develop post-operative management techniques prior to the main in vivo study.  
 
Figure 4-16: Active instrumented fixator with fitted custom spindle drive. 
 
Methods 
The same testing methods as described previously (Section 3.4.3) were used. 
Interfragmentary movements in both the experimental and critical size defect were 
examined using the Optotrak Infrared Optical Tracking System (Northern Digital 
Inc., Ontario, Canada) and analysed further using MATLAB (The MathWorks Inc. 
Natick, MA, USA) (Figure 4-17). For application of the loads, the previously used 
protocol was used; 500 N load (Duda et al. 1998), cycling back to 200 N at a rise of 
50N/sec (for hysteresis prevention) for 5 cycles.  
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.   
Figure 4-17: Mechanical testing of active fixator model. 
Results 
The axial loading (Z direction) within the experimental fracture was much less 
than the critical size defect (Table 4-12), showing that the majority of the load was 
experienced within the critical size defect. However, the loadings experienced with 
the Y direction are the same for both fracture gaps. This could be due to the fixator 
rotating as a result of its own weight and having only two anchorage points in the 
proximal fragment. 
Table 4-12: Interfragmentary movement for the experimental fracture and critical size defect using 
dual fixation concept of active fixator and carbon fibre fixation. 
 Experimental Fracture (mm) Critical Size Defect (mm) 
 X Y Z (Load) X Y Z (Load) 
Near -0.035 
 
-0.251 
 
-0.027 
 
0.286 
 
0.252 
 
-0.863 
 
Far -0.033 
 
-0.255 
 
-0.066 
 
0.384 
 
0.216 
 
-0.877 
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MOTOR AND CONTROLLER VALIDATION (PROTECTION CASE) 
The motor and controller system was to be attached to the fixation device for 
the duration of the studies, therefore a case was developed for protection in the in 
vivo study environment. Solidworks was used to design an enclosure for both the 
motor and control systems in addition to the connection cables. The preliminary case 
was printed with ABS plastic using a rapid prototype machine (Figure 4-18). 
 
Figure 4-18: Protection case for motor and controller system with the lid and controller entrance at the 
top. 
The overall size of the first case was too bulky, and access to the control 
system was difficult due to the location of the lid. Additionally, the sharp corners 
would have been uncomfortable for the animals during the postoperative period, 
therefore refinements were made to the design (Figure 4-19). The top part of the case 
was altered into a dome shape to prevent the sharp corners irritating the skin of the 
animal. In addition, the overall size of the device was reduced to a tolerance fit (1 
mm) for the control system. Also, access to the control system was altered to be on 
the side instead of the top. 
 
Figure 4-19: Dome prototype case for motor and controller system with lid location on the side. 
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IN VIVO MODEL VALIDATION STUDY 
Following the design modifications and in vitro mechanical testing, a 
preliminary in vivo study was completed. 
Goal and Purpose 
The aim of this pilot study was to assess: 
 The surgical procedure required for attachment of both fixators onto the 
sheep tibia and creation of both osteotomies; 
 Postoperative management techniques; 
 Methodology for movement application using the device. 
Animals and Experimental Model 
One healthy skeletally mature merino sheep (aged between 3–4 years and 
weight of 48 kg) was used for this pilot investigation. The experiment was carried 
out according to the policies and principles established by the National Health and 
Medical Research Council (NHMRC) and Australian Code of Practise for the care 
and use of animals for scientific purposes. Ethics approval was granted by the 
University Animal Ethics Committee (UAEC) (ethics number: 1300000795). The 
bone healing model was stabilised using the active instrumented fixator as an 
anchorage between the mobile segment and proximal main fragment and the carbon 
fibre fixator as a fixation between the proximal and distal fragments (Figure 4-20). 
 
Figure 4-20: Evaluated bone healing model (A) and the surgical schematic of the dual fixation; the active 
instrumented fixator is on the anteromedial side and carbon fibre fixation is on the medial side (B). 
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Surgical Methodology 
A preoperative x-ray was taken to determine the tibia length of the sheep to be 
operated on. Initially, a medial approach was used with the sheep placed in a lateral 
position with the hind leg down and the other pulled forward and tied with a rope. 
The leg was then shorn and aseptically prepared with a Betadine® scrub and 
isopropyl alcohol 70%. The leg was then routinely draped, using four corner draping, 
and then covered with a sterile adhesive surgical drape. 
Markings were then made on the leg for the pin placements for both the carbon 
fibre fixator (proximal and main fragment) and the active instrumented fixator 
(mobile segment and proximal main fragment). It was noted that that the active 
fixator would be placed on the anteromedial plane. For placement of the 5 mm 
Schanz pins for the carbon fibre fixator (Synthes®), single stitch incisions were 
made on the medial side of the tibia. The first was 2 cm distally from the tibial 
tuberosity and the second was 2 cm proximally to the medial malleolus. These two 
incisions are the most proximal and most distal points for the large fixator and 
assisted in ensuring its alignment. The holes for these pins were pre-drilled with a 
3.5 cm drill bit. After placement of the most proximal and distal 5 mm Schanz pins 
(Figure 4-21A) with a T-handle, the carbon fibre rod was attached (Figure 4-21B). 
The clamping devices were then spaced at 20 mm intervals for the remaining pins to 
be inserted. Using the clamps as a drill guide, the remaining six 5 mm Schanz pins 
were positioned parallel to each other on the medial side of the tibia (three in the 
proximal region and three in the distal region). This completed the first fixation for 
the main fragments (Figure 4-21C). The anteromedial region was then observed, and 
in between the most distal proximal pin and most proximal pin, two 4 mm pins were 
placed using a 2.5 mm drill bit and T-Handle (Figure 4-21D). When the osteotomies 
were created, the fracture gap size of the experimental fracture was created (Figure 
4-21E). The active fixator was then attached (Figure 4-21F). However, when 
creation of the fracture was attempted it was determined that the experimental 
fracture was larger than expected and instead of being 3 mm it was 10 mm. This was 
a surgical error which stressed the importance of pre-operative planning for precise 
pin site location. In addition to suitable measurements for the location of the pin sites 
in relation to one another, it was essential to allow for suitable spacing between each 
of the pins to prevent splitting of the bone. 
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Figure 4-21: Representation of both fixation devices attached to the sheep tibia with the carbon fibre 
fixation stabilising the proximal and distal main fragments. The active fixation was used to anchor the 
mobile segment to the proximal main fragment. 
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Postoperative Management and Methodology of Movements 
Whilst the surgical outcome was not as anticipated, it was advantageous to 
continue with the study to investigate how the animal responds postoperatively to 
both the procedure and the application of mechanical stimulation. Following surgery, 
the animal was supported in the slings within an isolated room, until they were 
transferred to an isolated pen. Throughout the healing period the sheep was 
monitored on a daily basis against a monitoring sheet for signs of pain and distress. 
Pin site cleaning was completed on a weekly basis to prevent infection. 
Movements commenced on the fifth postoperative day. The loading protocol 
for active stimulation included 1 mm (10% gap) displacement for 5 days weekly at 
500 cycles at 1 Hz. These movement sessions would only take 20 minutes daily and 
continued for the entire nine weeks of the study. In order to determine the most 
suitable and least stressful application for movement for the animal, different 
methods of movement application were investigated: 
 Movement while animal was free to weight bear; 
 Movement when animal was standing in the sling; 
 Movement while animal was upright in trolley; 
 Movement while animal was lateral in trolley. 
Evaluation Techniques 
Radiographic images were taken directly postoperatively and then on a 
fortnightly basis to ensure alignment of the fracture fragments. The images were also 
used to ensure no pin loosening or splitting of the bone had occurred throughout the 
healing period.  
Following the sacrifice of the animal, the fixation devices were carefully 
removed in preparation for microCT analysis. The sheep tibia were suitably 
dissected and scanned using a desktop microcomputed tomography imaging machine 
(μCT40; Scanco Medical, Bassersdorf, Switzerland), with the same protocol as the 
pilot study; 36 μm isotropic voxel size and a 200 ms integration time, at 75 keV of 
energy in 70% ethanol. The volume of interest (VOI) included the experimental 
fracture, mobile segment and critical size defect, and 10 mm of bone on the proximal 
and distal ends. 
 
 Chapter 4: Active Fixator Design Process 113 
Results 
Postoperatively, the radiographic images show that throughout the nine week 
study, the mobile segment had rotated (Figure 4-22).  
 
Figure 4-22: Radiographic images throughout study: pre-operative (A); 4 weeks (B); 6 weeks (C) and 
euthanasia (D), showing the misalignment of the mobile segment to both the proximal and distal main 
fragments. 
 
The microCT images have shown that despite the large gap size there still 
appear to be signs of healing (Figure 4-23). 
 
 
Figure 4-23: MicroCT for active pilot animal showing the experimental fracture at the bottom and critical 
size defect at the top. 
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Discussion 
The microCT analysis shows signs of callus formation within the experimental 
fracture and critical size defect, as they were the same size. This was interesting as, 
despite the large fracture size and the minimal loading used to stimulate the fracture 
daily, there was still evidence that healing had started. Due to the large fracture gaps 
there was difficulty ensuring alignment during the microCT scan, as the sample was 
quite weak. Throughout the study, it was difficult to assess the healing capabilities of 
both fractures, as most of the energy of the x-ray machine was absorbed by the 
surrounding artefacts (the fixation devices, pins and clamps). Attempts were made to 
reduce the capture window (Figure 4-22D) to the bone only, and to reduce the 
energy of the machine to capture signs of callus formation; however, no difference 
was observed. Therefore, the radiographic images were used to ensure alignment of 
the bone fragments and to ensure that no refracture occurred.  
Postoperatively, the animal was able to weight bear comfortably in the sling 
and in the isolated pen, and gained weight despite the intensity of the surgical 
procedure. When displacements were completed using the active fixator, the animal 
did not respond/ was not aware of the stimulation being applied. From the different 
movement methods attempted, it was determined that the most comfortable position 
was whilst the animal was in the sling and given pellets as a distraction. The animal 
was not overly tensing its hind muscles in the sling position in comparison to other 
methods. The benefits of keeping the animal in the sling outweighed those of 
allowing the animal full weight bearing. 
Conclusion 
In summary, modifications still need to be made to both the surgical procedure 
and the fixation design to prevent segment rotation and incorrect fracture gap sizes. 
Due to the rotation of the segment, a suitable attachment needed to be developed, 
followed by the design and manufacture of a suitable drill guide system. From the 
movement sessions it was concluded that best method was when the animal was in 
the sling for the first-postoperative week. Therefore, changes were made ethically to 
ensure the animals remained in the sling for the duration of the healing period to 
minimise stress and to ensure ease of movement application for the main in vivo 
study. 
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4.6 DETAILED DESCRIPTION OF KEY MODIFICATIONS  
4.6.1 Segment Rotation Prevention 
To prevent rotation of the mobile segment, a ring (Al6061) was attached to the 
bottom of the active fixator (Figure 4-24) using hex head screws and then combined 
with the carbon fibre fixation using a threaded screw and Synthes clamp. This shared 
the overall weight of the fixator with the carbon fibre system and aimed for a better 
long term alignment between the mobile segment and proximal fragment throughout 
the healing period. In vitro mechanical testing was then completed to examine the 
movements within the experimental fracture.  
 
Figure 4-24: Attachment of half ring at the bottom of active fixator. 
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IN VITRO MECHANICAL TESTING 
The same testing procedure was used for the active ring fixator as used in 
testing previous devices (Section 3.4.3). The configuration was assembled on the 
SawBone and the screw driven Instron was used with the spherical bearing system. 
Optotrak markers (RBs) were placed above and below the experimental fracture 
(Figure 4-25). An anticipated load of 500 N (Duda et al. 1998) cycling back to 200N 
(for hysteresis prevention) at a rise of 50 N/sec for 5 cycles was applied. 
 
Figure 4-25: Mechanical testing of active instrumented fixator without the ring (left) and the ring 
attachment (right). 
 
Comparison of the active fixator with and without the ring attachment has 
shown a dramatic decrease in movement within the experimental fracture in the Y 
direction as well as some decrease within the loading direction (Z) (Table 4-13), 
when the ring system was used. This decrease in the Y direction could reduce the 
rotation of the mobile segment occurring in the next in vivo study, ensuring the long 
term alignment of the mobile segment to the proximal main fragment. 
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Table 4-13: Movement comparison within experimental fracture for in vitro mechanical testing using 
a load of 500 N. 
Fixation Interfragmentary movement in experimental fracture (mm) 
Near Far 
 X Y Z (Load) X Y Z (Load) 
Unilateral -0.018 0.096 -0.346 0.043 -0.031 -0.928 
Dual 0.036 0.078 -0.006 0.104 0.066 -0.036 
Unilateral 
prototype 
0.096 -0.022 -0.094 0.029 -0.019 -0.096 
Active -0.035 -0.251 -0.027 -0.033 -0.255 -0.066 
Active Ring 0.003 -0.007 - 0.003 -0.075 -0.013 -0.038 
 
4.6.2 Pin Bending Prevention  
Pin bending was another complication that arose during the preliminary in vivo 
study. It was predicted that during active movement sessions, there could be bending 
of the pins during manipulations by the motor, especially as the tissues begin to 
stiffen. This would have resulted in minimal to no stimulation within a fracture gap 
and thus prevented the commencement of the healing process. A longer bracket was 
modelled using Solidworks and finite element modelling was completed to compare 
it to the original (shorter) bracket (Figure 4-26). 
 
Figure 4-26: Shorter (A) and longer bracket (B). 
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BOUNDARY CONDITIONS  
The boundary conditions involved the application of a 1 mm displacement on 
the clamp and a fixed support placed on the proximal face of the bone (Figure 4-27). 
It was then investigated whether the model segment was also displaced 1 mm (Y 
direction) with increasing callus stiffness. It was ensured that for both models the 
clamp itself was at an offset of 20 mm from the fracture gap. A body sizing mesh of 
1 was used on all components in each model. The impact of the two clamps with 
different tissue types (early stage and compact bone) (Claes & Heigele, 1999; Little 
et al., 1986) was examined (Table 4-14).  
 
Figure 4-27: Boundary conditions for the pin bending analysis using two different bracket lengths. 
 
Table 4-14: Material properties assigned to the tissues and components (Claes & Heigele, 1999; Duda et 
al., 2001, p. 642; Little et al., 1986) and http://www.azom.com/). 
Tissue Type and Fixator 
Component 
Young’s Modulus 
(MPa) 
Tissue and components 
Early Stage Healing 5  Callus 
Compact 17000  Proximal Fragment 
 Distal Fragment 
 Callus 
Aluminium Alloy 68900  Mobile clamp 
 Bracket 
Stainless Steel 193000  Pins 
 
 
 
 
 
 
 Chapter 4: Active Fixator Design Process 119 
RESULTS AND DISCUSSION 
Table 4-15 above describes the deformation occurring in each component after 
a 1 mm displacement was applied to the mobile segment clamp. It was important that 
as the tissues within the callus got stiffer, the mobile segment was still able to be 
manipulated suitably. A mesh body sizing of 1 mm was used. Convergence of the 
models occurred at 886,000 nodes and 582,000 elements for the short clamp and 
939,000 nodes and 619,000 elements for the longer clamp. It can be seen that during 
the early stage of healing, the deformation in the circumference of the mobile 
segment was still close to 1 mm using the longer clamp in comparison with the 
shorter clamp.  
Table 4-15: Impact of different clamp sizes on early stage healing and compact bone. 
 Early stage healing Compact bone 
Deformation Component 
(mm) 
Deformation 
mobile 
segment 
circumference 
(loading 
direction Y) 
(mm) 
Deformation Component 
(mm) 
Deformation 
mobile 
segment 
circumference 
(loading 
direction 
Y(mm) 
Clamp Mobile 
Segment 
Pins Clamp Mobile 
Segment 
Pins 
Shorter 1 0.83 0.83-1 0.82 1 0 0-1 0.07 
Longer 1 1 0.80-1 0.98 1 0.108-
0.316 
0-1 0.35 
 
Therefore, to minimise the effects of pin bending and for accurate 
manipulation of the mobile segment, it was decided to use longer brackets for both 
the proximal and mobile segment pins; however, the spacing between the pins was 
kept the same (Figure 4-28). 
 
Figure 4-28: Longer brackets for the mobile segment and proximal fragment for the active fixator system. 
 120 Chapter 4: Active Fixator Design Process 
4.6.3 Surgical drill guide 
Due to the design of the active fixator, the placement of its pins was required 
to be precise and accurate; therefore a drill guide was developed. If the pins were 
placed inaccurately, misalignment of the mobile segment relative to the proximal 
main fragment could result. The guide was used to pre-drill the pin site holes before 
insertion of the 4 mm pins. Figure 4-29 shows representations of four designs of drill 
guides. Ideally the drill guide should be placed on the irregular bone surface. Also, 
due to the length of the 2.5 mm drill bit (L =180 mm), the drill guide itself needs to 
have sufficient length to prevent excess movement of the drill bit during pre-drilling. 
Therefore, the most suitable drill bit from the preliminary images is shown in Figure 
4-29D, as it has sufficient height for the drill bit as well as the capability of being 
easily held in position by the surgeon. 
 
Figure 4-29: Preliminary drill guide designs. 
 
Another option was the use of the fixator body itself as a drill guide to ensure 
suitable alignment of the pins (Figure 4-30A). Both these options also allow for the 
use of drill sleeves (Figure 4-30). 
 
Figure 4-30: Using the fixation body as a drill guide (A); and the specially made drill guide (B) for the 4 
mm pin insertion. Both methods can be used to ensure alignment of the proximal fragment and mobile 
segment. 
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4.6.4 Fixation Performance 
The aim of this study was to investigate the influence of mechanics on bone 
healing. Previous attempts to measure stiffness and animal movement have used 
strain gauges (Cunningham, Evans, & Kenwright, 1989; Cunningham, Kenwright, & 
Kershaw, 1990; Gautier, Perren, & Cordey, 2000; Grasa et al., 2010), displacement 
and strain gauge transducers (Gessmann, Baecker, Jettkant, Muhr, & Seybold, 2011; 
Grasa et al., 2010) and force plates (Duda et al., 1998; Seide, Weinrich, Wenzl, 
Wolter, & Jürgens, 2004). For this investigation, it was decided to use the current of 
the motor to measure the in vivo callus stiffness. The development and calculations 
completed in this section are part of another PhD student’s work. As mentioned, the 
motor purchased was a spindle drive system from Maxon Motors. Testing was 
required to verify the accuracy with which the mobile segment can be manipulated 
and the use of the measured current to assist in calculating the in vivo stiffness of the 
healing tissue. One limitation that needs to be accounted for is the resistance within 
the fixator as well as stiffness of the tissues with in the fracture gap. The spindle 
drive system (Figure 4-31 top) is a brushless DC motor equipped with hall sensors, 
which have the advantage of a higher life expectancy and higher working speeds. For 
performing a linear motion, it was essential for the end of the thread to be fixed to 
the device. The end of the spindle drive was fixed into the spindle bush at the bottom 
of the fixator and the gearhead was placed into a motor flange to be attached to the 
mobile segment clamp (Figure 4-31 bottom). This clamp was secured using two 
cylindrical rods; thus when the motor rotates the gearhead, a linear motion will be 
created along the thread line. The system is equipped with a planetary gearhead 
reduction ratio of 21:1 and a shaft lead length of 2 mm. These types of gearheads are 
used in applications where high torque is involved.  
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Figure 4-31: Spindle drive system (Maxon Motors, Switzerland) (top); Solidworks model showing the 
motor fixed into the device using the cylindrical rods, mobile segment clamp and  spindle bush (bottom). 
 
A code for the controlled motor movements was written using LabVIEW 
(National Instruments Corporation, Australia), a user-friendly graphical program 
which uses icons to create applications instead of text. The code was designed for the 
fixator to be controlled by the magnitude of displacement, number of cycles and the 
duration of movements, in addition to exporting the output current to measure the 
stiffness of the healing tissue. 
ACCURACY OF LINEAR MOTION TEST 
Goal 
It was necessary to ensure that the controlled displacements to be created by 
the fixator for manipulation of the mobile segment are accurate. 
Experiment Design 
The accuracy test for linear displacement of the mobile segment was conducted 
on SawBone arranged in the defect configuration. Infrared optical markers (Optotrak 
measurement system) were placed on the mobile segment, proximal end and distal 
piece (Figure 4-32). The system was used to measure the displacement of the mobile 
segment. 
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Figure 4-32: Attachment of Optotrak markers to the proximal and mobile segment of the SawBone model 
for accuracy verification. 
 
Using the developed LabVIEW code, the controller was set to perform a 0.2 
mm displacement of the mobile segment. The test was repeated for displacements of 
0.4, 0.6, 0.8, 1 mm. Testing was repeated 10 times for each amplitude of 
displacement. Tracking the position of the mobile segment was recorded throughout 
each test. Positional data captured by the Optotrak was saved in an Excel file for 
further processing comprising three translations (X, Y, Z). Since the displacement of 
the mobile segment was axial, only the data recorded for Z axis was of interest. The 
actual displacement of the mobile segment was calculated by the difference in 
translation of the marker on the proximal end and the marker on the mobile segment. 
  
 124 Chapter 4: Active Fixator Design Process 
Results  
Given that the Optotrak resolution is 0.01 mm, the axial displacement of the 
mobile segment for each run of the experiment is summarised in Table 4-16.  
Table 4-16: Accuracy verification of the mobile segment displacement. 
Applied 
displacement                                   
(mm) 
Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 Max 
error       
(mm) 
0.2 0.20 0.19 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.05 
0.4 0.40 0.40 0.40 0.40 0.39 0.39 0.39 0.39 0.39 0.39 0.03 
0.6 0.60 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.02 
0.8 0.77 0.78 0.77 0.74 0.78 0.79 0.76 0.78 0.78 0.77 0.07 
1 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.98 0.99 0.02 
 
The results demonstrate that the maximum variation in the range of movements 
was 0.07 mm (applied displacement 0.8 mm), which was in the acceptable range of 
accuracy required for this application.  
FORCE VERIFICATION TESTING 
Goal 
To measure the stiffness, cyclic movements of the mobile segment were to be 
performed, while the force required to perform these movements was measured 
simultaneously. Changes in the relationship of the measured load to the displacement 
were an indication of the changes in stiffness during the healing progress. It was 
decided to use the relationship of the motor’s current and torque. A simple 
experiment was performed to study the relationship of the current of the motor and 
the resultant force on the mobile segment, to determine the expected range of current 
of the motor during different stages of healing.   
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Experimental Design 
In this experiment, five materials of different stiffness (thickness 1.5 cm) were 
selected to represent the increasing stiffness anticipated during the stages of bone 
healing. The experiment was performed using a SawBone model, with the defect 
configuration. The sample was positioned in the experimental fracture site of the 
bone model and the mobile segment was adjusted in such a way that two surfaces of 
the bone were only slightly compressing the samples (Figure 4-33). 
 
Figure 4-33: Testing the current of the motor while performing movements using sponges of different 
stiffness within the experimental fracture. 
 
Using the LabVIEW code, the fixator was set to perform twenty cycles with an 
amplitude of 0.5 mm at 1 Hz. Since the samples each had different stiffness, it was 
expected that a different amount of current was required to perform the same amount 
of displacement.  
The same samples were then tested within the Instron Microtester 5848 
(Instron Pty Ltd, Norwood, MA, USA) (position measurement accuracy + 2.5 µm 
over 10 mm of travel) using a displacement of 1 mm/minute (Figure 4-34).  The test 
was repeated 4 times for each sample and the average stiffness for each sample was 
recorded. 
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Figure 4-34: Testing of styrofoam sample within the Instron Microtester. 
 
In order to calculate the force using the measured current, the equations below 
were used: 
1) The equation below was used to calculate the torque of the motor using the 
measured current (I) and the torque constant (Km ) which was 22.4 Nm/A: 
Torque (motor) = Km* I 
2) The shaft torque was calculated using the gear head specifications: 
Efficiency value (Ƞ) has been taken as Ƞ= 0.7 
N1/N2 = T2/T1 
N1/N2: gear ratio = 21:1 
T2/T1: Torque shaft / Torque motor 
Ƞ: spindle drive efficiency 
Torque shaft = Torque motor *(N1/N2) * Ƞ 
3) Finally, the force from the torque in the ball screw system was calculated 
using the shaft lead length and previously calculated shaft torque: 
Torque shaft= F*(Lead/2 π) 
F= Torque shaft*(π) 
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Results and Discussion 
It was observed that the current measurements displayed fluctuations (Figure 
4-35), therefore, in order to compare the current of the motor for each sample, the 
outliers were disregarded and the data points were filtered using Excel.  The raw data 
was initially recorded in the data range and a tolerance cell was designated. Filtering 
was completed using the designated tolerance and the “if” function. This was 
completed through a comparison of the current data point and the tolerance level. 
First, it was checked if the difference between the raw data point and the data point 
above was greater than the tolerance value. This was then again completed for the 
difference between the raw data point and the data point below. The “if” function 
was then used to exclude the data with a difference greater than the specified 
tolerance level. 
 
Figure 4-35: Raw data showing the outliers (left) and the filtered data (right). 
The mean value of the non-outlier measurements of current were calculated for 
each sample, as shown in Table 4-17, along with the stiffness calculations using the 
equations mentioned in the above section. The stiffness values for each sample, 
determined using the Instron Microtester, are also shown for comparison. 
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Table 4-17: Current measurements for different samples. 
 No Sample Foamed 
plastic 
polymer 
sponge 
Steel wool 
sponge 
Styrofoam Synthetic 
rubber 
Instron Stiffness 
(N/mm) 
N/A 0.39 1.64 20.29 38.52 
Active Fixator 
Stiffness (N/mm) 
9.72 18.61 37.6 78.2 186.1 
Mean Current 
Value (Fixator) 
(mA) 
34.7 38.5 48.2 67.8 120 
Young’s Modulus 
(MPa)  
- 0.056 0.21 1.99 4.64 
. 
Figure 4-36 relates the Young’s modulus of the materials tested in vitro against 
the Young’s modulus of in vivo tissue (Claes & Heigele, 1999; Isaksson, van 
Donkelaar, & Ito, 2009; Leong & Morgan, 2008).  
 
Figure 4-36: Comparison of Young’s modulus of samples tested in vitro and the Young’s modulus of in vivo 
tissues. 
 
The current flow through the motor increased as the stiffness of the sample 
increased. Figure 4-37 shows a graphical representation of the stiffness calculated 
using the Microtester and the stiffness calculated from the measured current. A 
correlation of 0.976 was determined between the two methods using the “correl” 
function in Excel. The R
2
 value between the two methods of stiffness determination 
is displayed in Figure 4-38. 
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Figure 4-37: Instron stiffness and calcualted stiffness using the active instrumented stiffness of four 
samples: (1) foamed plastic polymer sponge; (2) steel wool sponge; (3) styrofoam; and (4) synthetic rubber. 
 
 
Figure 4-38: Stiffness of the samples determined using the Instron plotted against stiffness of the samples 
determined from the active fixator showing an R
2 
value of 0.9527. 
Samples used for the experiment roughly represented the stiffness of the 
healing tissue during early stages of healing, allowing for understanding of the 
anticipated range of current. This was a rough experimentation, therefore a limitation 
was the use of unstandardised samples; however, it was shown that the motor current 
was sensitive enough to monitor the changes in the stiffness of the different materials 
used and can be used as a stiffness measurement for the in vivo study.  
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4.7 CHAPTER DISCUSSION 
The initial prototype was designed from the concept of using an extremely 
rigid unilateral fixation; however, through computational modelling and in vitro 
mechanical testing, the impact of pin bending could not be entirely removed. Whilst 
the fixator itself minimised the loading within an experimental fracture, its 
drawbacks of size and weight as well as application in vivo confirmed its 
unsuitability. Therefore, design modifications were made to reduce the weight of the 
fixation device and combine it with the carbon fibre system used in the preliminary 
study. Finite element modelling was used to reduce the weight of the frame body and 
mobile segment clamp while maintaining sufficient strength.  
Through alterations to the frame body, clamping system and brackets, the 
overall weight and size of the fixation device were greatly reduced. The device 
aimed to anchor the mobile segment to the proximal fragment and was to be located 
on the anteromedial region of the tibia. Once the device had been manufactured, in 
vitro mechanical testing assessed the magnitude of interfragmentary movement 
occurring within the experimental fracture gap and CSD. The results showed that the 
movements within the experimental fracture at anticipated loading was below the 
threshold (0.05 mm). 
An in vivo pilot study was then completed using one animal for: 
 Assessment of animal response to the surgical procedure; 
 Establishment of a suitable procedure for the application of both 
fixators; 
 Establishment of postoperative management techniques and assessment 
of its response to the movement application. 
The animal tolerated the procedure well and maintained its weight throughout 
the postoperative period. Complications from the surgery resulted in a larger than 
anticipated experimental fracture gap size. Postoperatively, different methods of 
movement application were trialled to assess which was least stressful for the 
animal. It was determined that having the animal in a sling system suspended from 
the ceiling allowed for easier access to both the fixator and cables for the application 
of loading protocols. The radiographic images showed that as a result of the weight 
of the active fixation and there only being two anchorage points in the proximal main 
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fragment, the mobile segment rotated throughout the nine weeks. The microCT 
showed that despite the larger gap size and rotation of the mobile segment, signs of 
callus formation were evident in the experimental fracture. 
Following on from this in vivo study, design modifications to the fixator were 
required to ensure alignment of all fragments throughout the postoperative period, 
and suitable pin location. Therefore, it was decided to use a ring system attached to 
the carbon fibre fixation, using a threaded screw and Synthes clamp to share the 
overall weight of the active instrumented fixator. Longer brackets were also 
manufactured to reduce the effects of pin bending during the movement sessions as 
the callus gradually stiffens. Along with this, to ensure precise pin insertion, a drill 
guide was manufactured. The new system was assessed using mechanical testing and 
the values generated in experimental fracture at the near and far cortex were below 
0.05 mm, therefore allowing control of the mechanical environment of the 
experimental fracture. It was also decided to use the current of the spindle drive 
system to measure the in vivo stiffness of the healing tissue. Suitable testing was 
completed to ensure that the system is able to move the mobile segment accurately 
and to ensure that the motor is able to sense increased stiffness within the 
experimental fracture gap. 
4.8 WHAT IS NOVEL 
The manufactured and modified active fixation device has provided the 
opportunity to execute controlled loading within an experimental fracture and to 
monitor the in vivo progression of healing through the use of a spindle drive system. 
A novel approach of using the current to directly measure the in vivo stiffness was 
employed. The movements within the near and far cortex are below a level 
considered to be stimulatory, allowing for control of the mechanical environment for 
application of externally applied loads. The next chapter presents the findings of the 
preliminary experimental study combining both the bone healing model and active 
instrumented fixator.  
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Chapter 5: In Vivo Study 
This chapter describes the first application of the model (a combination of the 
bone healing model and active fixator) in an in vivo study, to address the influence of 
stimulation in comparison to a control in the bone healing process. Section 5.1 
introduces the chapter and the research question is stated in Section 5.2. The 
objectives of the study are presented in Section 5.3. The experimental methodology 
is discussed in Section 5.4, followed by an evaluation of results (Section 5.5). 
Finally, the chapter is summarised (Section 5.6) and what was determined to be 
novel is described in Section 5.7. 
5.1 INTRODUCTION 
To date, evidence has been presented that the fracture site is influenced by the 
mechanical environment; however, the exact contributions of different parameters 
(fixation offset, fracture gap size and type), especially that of an externally applied 
stimulation, have not yet been defined, due to limitations in control of functional 
loading experienced within a fracture gap. Currently, there is also limited capability 
for in vivo monitoring of callus stiffness throughout the healing period. This in vivo 
study was undertaken as a first step toward testing the combination of the bone 
healing model (Chapter 3) and active instrumented fixator (Chapter 4), addressing 
the following research question. 
5.2 RESEARCH QUESTION 
Can stimulation applied during early healing (within first three weeks) allow 
for the commencement of the healing process?  
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5.3 OBJECTIVES 
In order to answer the research question in this study, the following objectives 
were addressed: 
 Validation and establishment of a suitable surgical technique for 
application of the active instrumented fixator in vivo with modifications 
made from the outcomes of the pilot procedure in Chapter 4 (Section 
4.5.2);  
 Evaluation of the overall performance of the animals during the study 
and postoperative management techniques; 
 Analysis and evaluation of the response of the healing tissues to the 
stimulation applied in comparison to a rigid control, through 
microcomputed tomographic analysis and biomechanical testing.  
5.4 EXPERIMENTAL MATERIALS AND METHODOLOGY 
5.4.1 Experimental model 
Using the bone healing model (Figure 5-1A) in combination with the dual 
fixation system (Figure 5-1B), the effects of stimulation (within first three weeks) in 
comparison to a rigid control were examined on a sheep tibia for a period of nine 
weeks.  
 
Figure 5-1: Evaluated bone healing model (A) and the schematic of the dual fixation; the active 
instrumented fixator on the anteromedial side and carbon fibre fixation on the medial side (B). 
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5.4.2 Animals 
Six  healthy skeletally mature female merino sheep (aged between 3–4 years) 
with a mean weight of 50 + 10kg were divided into two groups (stimulatory n= 3 and 
control n=3). Unfortunately, due to surgical error the third sheep in the stimulatory 
group was euthanized early and was therefore excluded from the study (stimulatory 
n=2 and rigid control n=3). Also, due to the motor malfunction of one of the fixators 
in the rigid control, the weekly stiffness measurements could not be recorded. All 
experiments were carried out according to the policies and principles established by 
the National Health and Medical Research Council (NHMRC) and Australian Code 
of Practise for the care and use of animals for scientific purposes. Ethics approval 
was granted by the University Animal Ethics Committee (UAEC) (ethics number: 
1300000795). 
5.4.3 Acclimatisation 
In preparation for the surgical procedure, it was vital to acclimatise the animals 
to the sling system and surrounding environment. These slings were suspended from 
the ceiling and allowed the animals to rest and stand for the duration of the healing 
period. This limited large bending moments occurring from the motions between 
getting up and lying down (Figure 5-2). Acclimatisation was also completed to 
minimise possible stress the animals could experience following the procedure in an 
unfamiliar environment, especially during the active movement sessions.  
 
Figure 5-2: Acclimatisation of sheep to sling system prior to surgery. 
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5.4.4 Surgical procedure and postoperative management 
Pre-operative x-rays (Figure 5-3) were taken of the right tibia of the sheep to 
ensure a minimum length of 220 mm to allow for suitable pre-operative planning for 
pin placements. The carbon fibre fixation aimed to stabilise the main fragments 
(proximal and distal) on the medial side and the active fixation on the anteromedial 
side anchored the mobile segment to the proximal fragment.  
 
Figure 5-3: Pre-operative x-rays for sheep #1345, #1344 and #11c4525 respectively (active control) showing 
suitable leg length. 
The tibial tuberosity and medial malleolus were the landmarks used to 
commence the initial pin placements. It should be noted that a 3.5 mm drill bit was 
used for the 5 mm pins and a 2.5 mm drill bit for the 4 mm pins. A brief summary of 
the surgical procedure is provided below and a more detailed description given in 
Appendix D. Under general anaesthesia, markings were made for each of the pin 
sites and osteotomies to ensure they were all spaced suitably from one another and 
from each osteotomy. The most proximal and distal 5 mm pins were inserted first 
(Figure 5-4A), followed by the attachment of the clamps and initial carbon fibre rod 
(Figure 5-4B). This ensured the alignment of the rod along the tibia to allow for the 
insertion of the remaining pins (Figure 5-4C), ensuring a minimum 20 mm spacing 
between centre to centre of each pin. This completed the fixation attachment of the 
pins required for the fixation between the proximal and distal fragment. On the 
anteromedial side, the drill guide/ body of the active fixator was used to insert the 4 
mm pins (Figure 5-4D). Initially the most proximal pin was inserted followed by the 
distal one to ensure similar alignment. Two osteotomies were created by using a saw 
blade; a 3 mm experimental fracture and a 30 mm critical sized defect separated by a 
mobile segment of bone (Figure 5-4E). It was essential to keep the periosteum intact 
for the experimental fracture but remove it entirely within the critical size defect to 
prevent the commencement of healing. It should be noted that the critical size defect 
was not expected to heal within the nine weeks of the study.  
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The active fixation ring system was then attached and the surgical wounds 
were sutured. The motor was then attached and was used to close the experimental 
fracture gap and then create a 3 mm fracture through manipulation of the mobile 
segment (Figure 5-4F). 
 
Figure 5-4: Surgical procedure used beginning with the medial approach for the carbon fibre fixator 
followed by the anteromedial approach for the active fixator.  
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Following surgery, the animals were supported in the slings within an isolated 
room (Figure 5-5). Throughout the healing period, the sheep were monitored on a 
daily basis using a monitoring sheet to record signs of pain and distress. Pin site 
cleaning was completed on a weekly basis to prevent infection, as was inspection for 
possible pressure sores from being in the sling. The tightness of each clamp was 
manually assessed for both fixation devices each time the bandages were removed. 
 
Figure 5-5: Postoperative management of animals using the sling system. 
The postoperative assessment of the animals showed that no complications 
resulted due to the fixation devices used, but were caused by the surgical technique 
(Table 5-1). In two of the animals (control #1344 and #11c4525) the neurovascular 
bundle was severed, which affected their postoperative management. Whilst #1344 
was able to stand in the sling within the first few weeks postoperatively, sheep 
#11c4525 required a specially made splint to prevent it from knuckling over and to 
assist the animal to return to normal weight bearing (Figure 5-6). 
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Figure 5-6: Splint system applied under bandage at the metatarsal to prevent sheep from knuckling over. 
 
 
Table 5-1: Postoperative assessment of animals in both groups. 
Animal 
ID 
Weight 
Before 
Surgery 
(kg) 
Weight at 
Euthanasia 
(kg) 
Surgical 
Complications 
Postoperative Assessment 
1345 58 60.2 - Comfortably weight bearing in 
sling 
1344 54 56.7 Bundle cut in 
CSD 
Minimal weight bearing for first 
few weeks 
11c4525 55 50.1 Bundle severed 
during most 
proximal pin 
insertion 
Bending of mobile 
segment pin to 
ensure alignment 
Struggled to weight bear for first 
weeks due to extent of damage 
however towards end 
comfortably weight bearing and 
adjusted to sling 
12c4102 41.9 51.2 - Comfortably weight bearing in 
sling 
1332 60 64.2 - Comfortably weight bearing in 
sling 
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5.4.5 In vivo movement protocols 
For this investigation, the motor current was used for stiffness measurement 
throughout the healing period. Prior to the commencement of the in vivo study, the 
current to force verification was completed, to allow for stiffness calculation 
throughout the study (Section 4.6.4). Two different groups were investigated in this 
experimental study; a control and an active movement group (stimulation) (Figure 
5-7).  
 Control group: Control was completed using the active fixation device as a 
comparison. At the weekly bandage changes, movements of 0.1 mm at 1 Hz 
for 100 cycles were completed to monitor the in vivo stiffness of the healing 
tissue. These movements for stiffness measurement only took two minutes 
once a week. 
 Active stimulation group: This group commenced movement on the fifth post-
operative day with 1 mm displacements (500 cycles at 1 Hz) daily for the first 
three weeks post-operatively. These movement sessions only took 20 minutes 
daily. The remainder of the healing period used weekly measurements of 0.1 
mm (100 cycles 1 Hz) to assess callus stiffness, similar to the rigid control 
group. 
  
Figure 5-7: Loading protocols for both the control and active groups with movements and measurements 
commenced after the fifth postoperative day. 
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5.4.6 Radiographic examination  
Radiographic images were taken directly postoperatively and then on a 
fortnightly basis to ensure alignment of the fracture fragments. The images were also 
used to ensure no pin loosening or splitting of the bone had occurred throughout the 
healing period.  
5.4.7 Microcomputed tomography 
As in the pilot study, the tibia were suitably dissected and scanned. The volume 
of interest (VOI) was altered for these samples to allow for a greater scanning area 
containing both the experimental fracture and proximal main fragment, and to 
prevent the misalignment that occurred in previous samples. Therefore, two scans 
were used: 
 The mobile segment, proximal fragment and experimental fracture; 
 Distal end of mobile segment and distal fragment separated by the critical 
size defect.  
5.4.8 Biomechanical testing 
Following the microCT scans, the region of interest of the tibia samples were 
stored in the freezer and wrapped in saline for mechanical testing preparation. 
Mechanical testing involved the assessment of the axial stiffness, torsional stiffness 
and maximum torque of both the active stimulatory and control samples using the 
Biaxial Instron 8874 (Instron Pty Ltd, Norwood, MA, USA) with a 25 kN (axial 
force capacity), 100 Nm (torque capacity) load cell. The device was used for a force 
and torque application to the samples and has four channels in two pairs; 
force/displacement and torque/rotation. All samples (proximal end and mobile 
segment) were potted in polymethylmethacrylate (PMMA) Paladur dental acrylic 
(HeraeusKulzer GmbH, Hanau, Germany) in stainless steel cups.  These cups were 
then attached into the mechanical testing machine (Figure 5-8). 
 Chapter 5: In Vivo Study 141 
 
Figure 5-8: Sample embedded into the Biaxial Instron for biomechanical testing; the proximal end of the 
fragment in the top cup and the mobile segment in the bottom cup. 
 
 To determine the axial stiffness, a compressive force of 50 N (25 N per 
minute) for 5 cycles was applied, and torsional testing was performed until failure at 
a rate of 10 degrees per minute for 45 degrees (Epari, 2006). 
5.5 POST-MORTEM RESULTS  
All animals showed regular wound healing and minimal pressure sore 
development. After nine weeks, the sheep were euthanized and bone healing within 
the experimental fracture was evaluated for both the stimulatory and control groups. 
This involved analysis of the in vivo stiffness measurement (taken weekly), 
fortnightly radiographic imaging, microcomputed tomography, analysis and 
biomechanical testing (torsional moment, axial stiffness, torsional stiffness).  
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5.5.1 In vivo stiffness measurements 
Figure 5-9 displays the in vivo stiffness comparison between the stimulatory 
and control groups. It can be seen that the stimulatory group had a greater degree of 
stiffness in comparison with the control group.   
 
Figure 5-9: Comparison of in vivo stiffness in stimulatory and control groups. 
 
5.5.2 Radiographic Examination 
 The images taken at euthanasia for both the stimulatory and control groups 
(Figure 5-10) have shown that the fragments remained aligned for the duration of the 
healing period and that there was no loosening of the pin or signs of refracture. 
 
Figure 5-10: Radiographic images for both the control and stimulatory groups showing that all fragments 
have remained aligned for the nine week period. 
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5.5.3 Microcomputed tomography 
The active stimulatory microCT for both the experimental fracture and critical 
size defect is shown in Figure 5-11 and Figure 5-12 for the active control. It can be 
seen that for both groups, no healing was observed in the critical size defect. Both 
groups have shown signs of healing in the experimental fracture with greater healing 
within the stimulatory group. Sheep 12c4102 showed bridging of both fracture 
fragment ends whereas #1332 showed bridging at the near cortex and callus 
formation at the far cortex. In the control group it can be seen that sheep #1345 had a 
callus formation at the far cortex and bridging at the near, whilst both #1344 and 
#11c4525 only showed signs of healing at the far cortex. 
 
Figure 5-11: MicroCT images of the experimental fracture and critical size defect for the active 
stimulatory group, with no healing shown in the critial size defect and signs of callus formation within the 
experimental fracture for #1332. 
 
Figure 5-12: MicroCT images of the experimental fracture and critical size defect for the active control 
group showing no signs of healing, as expected, within the criticial size defect. The experimental fracture 
showed signs of callus formation in the far cortex of #1345 and #1344. 
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5.5.4 Biomechanical testing 
The axial stiffness, torsional stiffness and maximum torque are reported as 
absolute values for all samples (Appendix E). It can be seen that despite the minimal 
stimulation applied for a short period of time throughout the study, active stimulation 
resulted in a greater torsional and axial stiffness in comparison with the active 
control (Figure 5-13 and Figure 5-14). It is also apparent that the stimulation group 
resulted in a higher torsional moment than the control group (Figure 5-15). 
 
Figure 5-13: Torsional stiffness comparison between the stimulatory and control groups. 
 
 
Figure 5-14: Axial stiffness comparison between the stimulatory and control groups. 
 
 
 
Figure 5-15: Torsional moment between the stimulatory and control groups. 
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5.6 CHAPTER DISCUSSION 
This preliminary study aimed to validate the modified active fixator in 
combination with the bone healing model. This involved validating the active fixator 
with the new design modifications in an in vivo study and the establishment of a 
suitable surgical technique. It was also important to evaluate the performance of the 
animals throughout the postoperative period, especially during the active movement 
sessions, as well as their response to the surgical procedure throughout the nine 
weeks. Finally, the study addressed the research question: whether stimulation 
applied during the preliminary stages of healing can allow the commencement of the 
healing process. Analysis and evaluation of the response of the healing tissues was 
completed through in vivo stiffness measurements, radiographic analysis, 
microcomputed tomography and biomechanical testing.   
Prior to the commencement of the surgery, pre-operative x-rays were taken to 
ensure the length of the tibia was at a minimum length of 220 mm to ensure suitable 
pin placement. During the surgery, landmarks (medial malleolus and tibial 
tuberosity) were used to determine the operating region. It was important to ensure a 
consistent offset of both the active fixator and carbon fibre fixator amongst both 
groups. The offset distance aimed to be as close as possible to the bone whilst still 
permitting soft tissue swelling post-operatively (Figure 5-16). Due to surgical 
complications with control sheep #11c4525, the third 4 mm pin was required to be 
bent to ensure fragment alignment and thus a larger offset was used. 
The majority of the animals gained weight throughout the nine week study, 
showing that the animals were able to tolerate the intense surgical procedure and 
application of movements. Two of the sheep (#1344 and #1345) in the control group 
were monitored for callus stiffness, as were both the sheep in the stimulatory group. 
The motor on sheep #11c4525 malfunctioned and was not able to measure the in vivo 
stiffness but was still able to maintain a 3 mm experimental fracture throughout the 
healing period, confirmed by the fortnightly x-ray images taken. 
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Figure 5-16: Postoperative pictures for control and stimulatory groups with the active fixation device 
anchoring the mobile segment and proximal fragment on the medial side and the carbon fibre system as a 
fixation between the proximal and distal main fragments. 
 
In vivo monitoring showed increased callus stiffness for the active stimulatory 
group, whilst the active control group maintained stiffness. For the active movement 
sessions, it was difficult and unsafe to remove the bandage each time for stiffness 
measurement and the movement sessions, unless it was at a bandage change, 
therefore the tightness of the bandage may have caused the fluctuations observed in 
the results for the stimulatory group during the fixation movement sessions. The 
control group only had weekly measurements at the bandage change, therefore there 
was no interference from the bandages. 
To improve radiographic image quality, attempts were made to reduce the 
capture window area and lower the energy use; however, little difference was 
observed. It was difficult to judge the healing pathway using radiographic images 
because the fixation systems absorbed all the energy of the machine. The images for 
all groups did show that all fragments remained aligned for the duration of the 
healing period and there was no evidence of pin or clamp loosening.  
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The microCT images for the three control sheep (#1345, #1344 and #11c4525) 
and two stimulatory sheep (#12c4102 and #1332) showed that no healing occurred in 
the critical size defect, as expected, and the mobile segment appeared healthy. In the 
control group, sheep #1345 showed callus formation at the far cortex with bridging 
at the near, while both sheep #1344 and #11c4525 (neurovascular damage in the 
critical size defect) showed no signs of healing at the near cortex. #1344 was similar 
to #1345, with callus formation at the far cortex, and #11c4525 showed signs of 
healing at the far cortex. The active stimulatory group showed that for sheep 
#12c4102 there was bridging at both the near and far cortex, and sheep #1332 
showed bridging at the near cortex and callus formation at the far cortex. Other 
factors which may have contributed to the healing outcomes observed were the 
location of the active fixator pins in relation to the experimental fracture, and the 
fixation offset of both devices (carbon fibre fixation and the active instrumented 
fixator). Biomechanical testing showed that the stimulation group resulted in the 
greatest axial and torsional stiffness as well as torsional strength in comparison with 
the active control fixation. The same test results were compared to the dual fixation 
(in vivo defect pilot study) samples in the pilot study (Appendix E). These samples 
showed similar values to the active control. This shows that despite the minimal 
stimulation applied only during the first three weeks, there was change in axial and 
torsional stiffness between the samples.  
The goals and objectives of this in vivo study were successfully addressed: the 
surgical approach was validated, as was the postoperative management and response 
of the animals to the treatment, and the response of the tissues to the loading protocol 
applied in comparison to a control. Apart from the failure of one motor, the 
remaining active fixators and motor systems worked throughout the study with no 
major complications. As for the modifications completed to the fixation design, both 
the ring and longer clamps assisted in preventing rotation of the mobile segment and 
ensured suitable displacements, thereby minimising the possible risk of the pins 
bending. Whilst a suitable surgical technique was established, due to the complexity 
of the model, fixation design complications still occurred in creation of the defects 
(which is based on a large segmental defect model) and attachment of the fixation 
device. 
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 Future modifications can be implemented to ensure more comparable 
outcomes. These modifications include: more practice in the surgical technique; 
standardised operation such as fixation offset; precise and accurate pin insertion; 
fixator location; postoperative management techniques; and a special barrier to 
prevent interference of the bandage.  
5.7 WHAT IS NOVEL 
The main in vivo study combining the novel bone healing model and active 
instrumented fixator was a novel approach to investigate the influence of mechanics 
on bone healing in order to achieve a better understanding of the mechanobiology of 
bone healing. The biomechanical testing showed an increase in axial stiffness, 
torsional stiffness and torsional moment in the stimulation group, showing that 
minimal movement during the early stages can improve the healing outcome; 
however, further studies with larger sample sizes are required in order to validate this 
outcome 
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Chapter 6: Final Discussion and Future Directions 
Bone healing is regulated via a complex cascade of inducing, enabling and 
inhibitory factors that modulate tissue changes throughout the healing process, 
including the formation of a fibro-cartilaginous callus and its mineralisation into 
mature bone. Many factors, including systemic influences, adequate blood supply 
and mechanical stability are critical for the successful regeneration of bone (Claes et 
al., 2002; Rhinelander, 1974). However, the influence of mechanical stimuli on 
specific processes during healing is unknown due to limitations in the ability to 
control and measure with adequate sensitivity the mechanical boundary conditions 
during bone healing in experimental models. In particular, isolating the experimental 
fracture from functional loading associated with animal activity presents a significant 
challenge. The aim of this dissertation was the development and establishment of a 
novel experimental model to investigate the influence of mechanics on the processes 
of bone regeneration. The objectives of this thesis were: 
 The development of a bone healing model capable of isolating 
functional loading within an experimental fracture gap. The proposed 
model aimed to address the current existing limitations; 
 The design and manufacture of an active instrumented fixation device 
capable of applying controlled displacements within an experimental 
fracture and monitoring the in vivo progression of healing; 
 Application study combining both the bone healing model and active 
instrumented fixator. 
Limitations within the bone healing model still remain despite the 
modifications made. The defect configuration was an improvement from previous 
models within the field, as it theoretically allowed for minimisation of loading within 
a fracture gap to below the threshold (0.05 mm); however, the contribution of muscle 
forces in vivo (through contraction and swinging of the limb) was still difficult to 
account for. The surgical approach still remains a challenge for both the creation of 
the osteotomies and application of the fixation device and pins. Creation of the 
osteotomies without damage to the neurovascular bundle remains challenging, in 
addition to maintaining suitable alignment of the fracture fragments through pin 
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insertion. The above challenges highlight the importance of suitable preoperative 
planning and ensuring a tibial length of at least 220 mm.   
Within the finite element modelling, all the geometry was highly idealised 
(cylindrical bone/pins, the pin bone interfacial properties), which limited the 
predicted outcomes within a physiological environment. Within the mechanical 
testing and finite element modelling, it was assumed that axial loads would be the 
dominant loads experienced; however, there may be other loads experienced within 
the experimental fracture which was not accounted for. Inconclusive results were 
achieved in the in vivo pilot study as the callus formation between the two groups 
could not be easily distinguished, which was primarily due to the lack of control of 
the magnitude of the in vivo movements. It was also difficult to completely eliminate 
the effects of pin bending, especially in scenarios when the sheep was overloading 
the limb from movements such as getting up, lying down and stamping of the 
operated leg within the defect validation study.  
The active fixation device design itself was quite bulky and was required to be 
bandaged for the study duration. This had an impact on the data collection, as there 
was interference of the bandage with measurements for the stimulation group. For 
future studies, in order to prevent this occurrence, the region of the pins in that area 
will not be covered and a small window left open. Whilst using the motor current as 
a direct measurement of callus stiffness was a good idea, there was contributory 
resistance from the device which was unaccounted for. Another limitation with this 
approach  was  that whilst the mobile segment clamp of the fixator may be moving to 
the displacement required, the in vivo segment of bone may not necessary be moving 
to the same magnitude as a result of pin bending, especially when there was an 
increase in callus stiffness. Attempts were made to reduce the effects through 
development of long brackets but its impact could not be completely removed. At the 
conclusion of each study, it was essential to recalibrate the devices prior to the next 
study to ensure measurements in later studies were not affected.  
For the stimulatory group it was decided to initially stimulate a robust response 
in comparison to a rigid control. Since the 1 mm displacements (at 500 cycles) were 
applied only during the first three weeks it was anticipated there would be no 
damage to the tissues. The weekly 0.1 mm for 100 cycles to determine the stiffness 
of the tissue, was below the magnitude considered to be stimulatory (0.2-1 mm) and 
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the healing response was not to the level as shown by the stimulatory group 
therefore, there is a minimal chance this may have contributed to the healing. The 
postoperative management protocol did not allow for normal activities and 
movements that the defect study completed in Chapter 3 permitted, due to sling 
restrictions. Therefore, the effects of the additional bending moment applied to the 
sheep tibia as a result of the device (motor, spindle drive, fixation body, ring, clamp, 
pins/screws, etc.) are yet to be characterised.  
For ease of movement in future studies, improvement to the device is currently 
underway to allow it to be automated. This ensures less hands on work with the 
sheep, as the fixator will be controlled by the computer and the researchers do not 
need to be in the room to connect the cables. One further application would be 
wireless control of the system for movement application and data collection.  
Future experiments will involve the use of fluorescent labelling techniques. 
During the healing period, the animals will be injected with fluorochromes markers 
(Tetracycline, Calcein and Alizarin Red) at two, four and six weeks. These 
fortnightly injections will allow for observation of callus formation and 
mineralisation, which assists in providing further insights into the healing pathway of 
the model under a specified stimulation. It is unknown if the mobile segment will 
ever become necrotic. The microCT images have shown no resorption of the mobile 
segment and the torsional moment values for the active stimulatory groups were at a 
magnitude which is comparable to the literature which implies there may have been 
sufficient vascularity in the region throughout the healing period. However, it is still 
important to establish the vascularity of the mobile segment through suitable 
histology techniques in future studies. Future research should be undertaken to 
investigate the effects of different magnitudes and duration of stimulations 
throughout the first three postoperative weeks to allow for comparison with the 
preliminary work completed in Chapter 5. An additional study group can also be 
completed using a stimulation of 1 mm for a longer healing period such as six weeks.  
The experimental model (bone healing model and active fixator) in its current 
form provided the first steps in addressing the feasibility of the research question 
rather than answering the research question itself, which requires a larger sample 
size and further biological measurements. The effects of minimising functional loads 
experienced within a fracture gap and applying displacements within a fracture gap 
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were achieved; however, there remains abundant room for further development of 
the fixator and future experimental studies to answer specific research questions. The 
in vivo measurements have shown an increase as healing has progressed; however, 
further experiments are required to help validate the in vivo stiffness measurements. 
Overall, this dissertation has provided a novel approach to investigate the 
influence of mechanics on bone healing. The preliminary feasibility study reported in 
this thesis, demonstrated the potential to advance current knowledge and 
understanding of mechanobiology, which is limited in previous experimental 
models. This understanding of the mechanobiology of bone fracture healing has a 
wide range of implications for the design of patient rehabilitation programs to 
implant design and the development of novel tissue engineering strategies. 
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Appendix A:  
Finite element modelling for fixation characteristics 
 
Objective 
To examine the interfragmentary movement within the experimental fracture 
under various fixator qualities; fixator offset, pin diameter, and number of pins per 
bone fragment. It should be noted the same boundary conditions were used in each 
of these preliminary investigations.  
Model Creation and Methodology 
Boundary Conditions 
The material properties of each of the components are described in Table A.1. 
500 N (anticipated force) (Duda et al., 1998) was applied to the top face of the 
construct with a fixed support on the bottom face (Figure A.1). Remote points were 
placed on the surfaces above (proximal fragment) and below (mobile segment) the 
experimental fracture in both the near and far cortex (Figure A.1), to allow for 
calculation of the interfragmentary movement at the near (closest to fixator) and far 
cortex.  
Table A.1: Material properties assigned to each of the components (Duda et al. 2001 and 
http://www.azom.com/). 
 Young’s Modulus 
(MPa) 
Poisson’s Ratio Location/Part 
Stainless Steel 193000 0.3 Pins and Fixator Body 
Compact Bone 17000 0.3 Cylinder 
 
Assumptions 
The assumptions made for these preliminary studies are listed below; 
 Idealised bone, fixator and screw geometry; 
 Fully bonded screw-bone and screw-fixator interface; 
 Highly rigid  unilateral fixation device; 
 No muscle forces modelled; 
 Dominant load is axial. 
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Methods 
Various offsets were compared in order to ensure a suitably rigid system whilst 
permitting space for soft tissue swelling post-operatively. To allow for consistency 
the material boundary conditions were used as described in Table A.1. The main 
fragments (proximal and distal) used 5 mm pins and 4 mm pins were used for the 
mobile segment (Figure A.1). 
 
Figure A.1: Boundary conditions used for finite element modelling of different fixation offsets for the bone 
healing model stabilised with unilateral fixation. Remote points placed above and below each defect and 5 
mm pins in each of the main fragments. Force was applied on the proximal face and a fixed support on the 
distal. 
 
The next model looked at using a suitable pin diameter in the bone fragments. 
The same model as in Figure A.1 was used, with an offset of 20 mm. Since it was 
already decided to only use 4 mm pins in the mobile segment, it was important to 
determine a suitable pin diameter in the main fragments (proximal and distal). The 
evaluation of both a 5 mm pin and 6 mm pin diameter was completed. The boundary 
conditions described (Table A.1) were used and the movements in the near and far 
cortex were determined as well as the deformation experienced in the pins and 
fixator.  
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It was important to evaluate the number of pins suitable for the main fragments 
(proximal and distal). The model was set up and assigned the same material 
properties as previously described (Table A.1). To examine the number of pins 
suitable for the main fragments, either the middle, inner or outer pins were 
suppressed and remote points were placed above and below the experimental 
fracture in both the near and far cortex (Figure A.2). 
 
Figure A.2: Boundary conditions for finite element evaluation of number of pins suitable in each main 
fragment using a fixation offset of 20 mm and a pin size of 5 mm. 
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Results and Discussion 
Fixation Offset 
Different fixation offsets were examined (15 mm, 20 mm, 25 mm, and 30 mm) 
to determine which offset provided a reduced movement in the near and far cortex 
(Table A.2). It can be seen that at a reduced offset, less movement occurs in the Y 
direction (loading) as supported by the literature. However, to allow for soft tissue 
growth after the surgery, an offset of 20 mm was selected. The meshing techniques 
used involved a body size meshing of 0.9 mm, with a refinement of 2 between the 
nail/bone interface and fixator/nail interface. Convergence of the solution occurred 
with 2,588,000 nodes and 1,515,000 elements. 
 
Table A.2: Comparison of interfragmentary movement in the near and far cortex of the experimental 
fracture for fixation different offsets. 
Offset 
(mm) 
Near cortex IFM (mm) Far cortex IFM (mm) Maximum deformation 
X Y 
(Load) 
Z X Y 
(Load) 
Z 5 mm 
pins 
4 mm 
pins 
Fixator 
15 -0.010 -0.075 0.000 -0.014 -0.148 0.000 0.931 0.360 0.786 
20 -0.011 -0.122 0.000 -0.016 -0.207 0.000 1.060 0.456 0.925 
25 -0.012 -0.183 0.000 -0.017 -0.281 0.000 1.260 0.570 1.060 
30 -0.019 -0.370 0.000 -0.019 -0.370 0.000 1.500 0.697 1.207 
 
Pin Diameter 
It can be seen that the X and Z movements in both the near and far cortex are 
not greatly impacted by the slight increase in pin diameter (Table A.3). The loading 
direction (Y) has resulted in a slightly reduced movement in both the near and far 
cortex when 6 mm pins were used. Also the impact of the increased pin diameter has 
not greatly affected the maximum deformation experienced in the pins and fixator 
body. It can be seen that having a larger pin diameter increases the stiffness of the 
construct and decreases the deformation of the pins in each of the areas. Given the 
minimal space for operating on a sheep tibia it would be beneficial to use a 5 mm pin 
for the main fragments in order not only to prevent splitting of the bone and possible 
refracture, but also to allow for a suitable operating space. Therefore, it was decided 
that a 5 mm pin should be used in both the proximal and distal fragments. A body 
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size meshing of 1 mm was used with a refinement of 1 on interfaces between the 
nail/fixator and nail/bone. Convergence of the solution occurred with 1,380,000 
nodes and 760,000 elements. 
Table A.3: Movements in the near and far cortex using different pin diameters. 
Diameter Near Cortex IFM (mm) Far Cortex IFM (mm) Maximum Deformation 
X Y (Load) Z X Y (Load) Z 5/6 mm 
pins 
4 mm 
pins 
Fixator 
5 -0.011 -0.122 0.000 -0.016 -0.207 0.000 1.060 0.456 0.925 
6 -0.013 -0.101 0.000 -0.017 -0.184 0.000 1.037 0.428 0.894 
 
Number of pins in each fragment 
There was a reduced interfragmentary movement occurring in the loading 
direction when there were 3 pins per main fragment in both the near and far cortex 
(Table A.4). The greatest magnitude of movement occurs in the loading direction in 
both the near and far cortex when the middle pins are suppressed with 0.369 mm in 
the near and 0.236 mm in the far cortex. It was decided that there should be three 
pins in each main fragment of bone. Convergence of the solution occurred with 
2,590,000 nodes and 1,510,000 elements (same model as the fixation offset). A body 
size meshing of 0.9 mm was used with a refinement of 2 on the nail and hole 
interfaces. 
 
Table A.4: Movements generated and the maximum deformation in the near and far cortex when specific 
pins are suppressed in the proximal and distal main fragments. 
Pins 
Suppressed 
Near Cortex IFM (mm) Far Cortex IFM (mm) Maximum Deformation 
X Y 
(Load) 
Z X Y 
(Load) 
Z 5 mm 
pins 
4 mm 
pins 
Fixator 
None -
0.011 
-0.122 0.000 -
0.016 
-0.207 0.000 1.060 0.456 0.925 
Middle -
0.015 
-0.369 0.000 -
0.015 
-0.236 0.000 1.086 0.479 0.945 
Inner 0.050 -0.315 0.000 0.050 -0.185 0.000 1.463 0.658 1.286 
Outer -
0.007 
-0.138 0.000 -
0.013 
-0.229 0.000 0.931 0.477 0.925 
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Appendix B:  
In vitro mechanical testing preparation of samples 
 
Sample Preparation and Construction for all Fixation Configurations 
All samples (unilateral fixation, dual fixation, preliminary unilateral prototype, 
active fixator and active fixator with ring) were prepared using the same procedure. 
A SawBone was measured and marked for suitable pin locations and stainless steel 
cup locations (Figure B.1-A). A specially designed drill guide was printed using 
rapid prototyping to ensure precise pin location. The SawBone was fixed into the 
drill guide and the pin sites for the 5 mm Schanz pins were drilled using a 3.5 mm 
drill bit and 2.5 mm drill bit for the 4 mm pins (Figure B.1-B). The SawBone was 
then measured to ensure that there was a suitable distance between each pin (Figure 
B.1-C). The SawBone was then cut into separate sections (proximal distal and 
mobile segment) and it was ensured all ends had a flat surface (Figure B.1-D). Triton 
X was used to grease the surface of four stainless steel cups for embedding of the 
SawBones in bone cement (Figure B.1-E). All samples were potted in 
polymethylmethacrylate (PMMA) Paladur dental acrylic (HeraeusKulzer GmbH, 
Hanau, Germany) (70g of powder (Figure B.1-F) and 42ml of liquid (Figure B.1-G) 
were mixed together. The SawBone was stabilised in a 90 degree position in the 
stainless steel cup (Figure B.1-H) and the bone cement was poured in (Figure B.1-I). 
The upper and lower fragments were labelled on the cup after the bone cement had 
set (Figure B.1-J). Stainless steel pins were then inserted by clamping down the 
sample and using a drill to ensure perpendicular insertion (Figure B.1-K). Each of 
the fixation devices were assembled accordingly; unilateral (Figure B.1-L), dual 
(Figure B.1-M), preliminary prototype (Figure B.1-N), active fixator (Figure B.1-O), 
active ring (Figure B.1-P). 
 Appendices 173 
 
Figure B.1: Sample preparation and assembly for mechanical testing for all fixation configuration. 
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Appendix C:  
In vivo surgical procedure for the defect validation study 
  
Theatre and animal preparation 
The operating theatre was prepared a day prior to the surgery (Figure C.1). All 
medication to be used was stocked in the theatre and all surgical tools were placed in 
the autoclave to be sterilised. All post-surgical equipment and medications to be used 
were prepared. Within the theatre, all items of electrical equipment were assessed to 
ensure they were operating. Finally, preoperative x-rays of the sheep tibia (anterior 
posterior and lateral) were taken to allow for pre-operative planning of the procedure 
and to ensure a minimum tibia length of 220 mm. The surgeries for these pilot 
animals were performed by Dr Mirjam Neumann with assistance from Dr Siamak 
Saifzadeh. 
 
Figure C.1: Preparation of operating theatre with all required surgical and postoperative tools and 
medications. 
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Using a medial surgical approach, the sheep was positioned in lateral 
recumbency with the operative leg down and the contralateral leg pulled forward and 
tied up with a rope (Figure C.2). The leg was then shorn and aseptically prepared 
with Betadine
®
 scrub 2% plus isopropyl alcohol 70% and then was isolated routinely 
by four corner draping and covered with a sterile adhesive surgical drape (Figure 
C.2). 
 
 
Figure C.2: Sheep placed in lateral recumbency with the leg to be operated suitably prepared using four 
corner draping. 
 
 
Surgical procedure- unilateral fixation (group 1) 
The sheep tibia was approximately 220 mm in length, so a 20 mm spacing 
between pins and 10 mm between each pin and the osteotomy was required, in 
addition to a minimum distance of 20 mm from both landmarks (tibial tuberosity and 
medial malleolus) (Figure C.3). 
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Figure C.3: Surgical planning for the pin placements for the unilateral fixation using the bone landmarks: 
tibial tuberosity and medial malleolus. 
 
The first stitch incision was made in the region 20-30 mm proximal to the 
medial malleolus. Blunt spreading of the skin and underlying tissue was completed. 
A drill guide was placed at this point and a 3.5 mm drill bit was used to pre-drill the 
first pin hole. The 5 mm Schanz pin was then inserted using a T-handle. Next, the 
knee joint was palpated and the tibial tuberosity was identified. Approximately 20-30 
mm distally from this landmark a single stitch incision was made. The 3.5 mm drill 
bit was used again to pre-drill the hole before insertion of the second 5 mm pin. 
These pins were the most proximal and distal pins. A carbon fibre rod then 
connected these pins together using two clamps (Figure C.4). This then provided the 
alignment for the remaining pins. 
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Figure C.4: Insertion of most proximal and distal pins with the attachment of the first carbon fibre rod. 
 
Six more clamps were added to the carbon fibre rods in the locations for the 
remaining pins. These were spaced at a distance of 20 mm from each other, 
considering the locations of both defects (experimental fracture and critical size 
defect). Using the trocar system in each of the clamps, two more pins were inserted 
in the distal region at a separation distance of 20 mm, and two more pins were 
inserted in the proximal region at a separation distance of 20 mm (Figure C.5).  This 
then provided a total separation distance of 83 mm for the inner most 5 mm pins. In 
between these inner most pins was the mobile segment (30 mm), critical size defect 
(30 mm) and experimental fracture of 3 mm. When the osteotomies were created it 
was important to ensure the nearest pin was at a minimum separation distance of 10 
mm to prevent splitting of the bone.   
 
Figure C.5: All 5 mm pins attached perpendicular to the proximal and distal bone fragments. 
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Next, it was important to insert the pins required for the mobile segment. Since 
a 3 mm fracture gap was required and there needed to be at least 10 mm between 
each pin to an osteotomy line, a separation distance of 23 mm was used (between the 
most distal proximal pin and the first pin in the mobile segment). This was the point 
of insertion of the first 4 mm pin. A 2.5 mm drill bit was used to pre-drill the 
segment prior to insertion with a t-handle. The second 4 mm pin was inserted at a 
separation distance of 10 mm from the first 4 mm pin. After the insertion of the six 5 
mm Schanz Pins and two 4 mm Schanz pins, the second carbon fibre rod was 
attached. In the next step, both osteotomies (critical size defect and experimental 
fracture) are performed through a longitudinal incision on the anteromedial side. 
With special care of the underlying fascia and vessels, the mid-third of the tibial 
bone was exposed. To prevent damage to the main neurovascular bundle of the tibia, 
which runs dorsolateral, protection hooks were placed around the tibial bone. A 
saline-soaked gauze was passed under the bone as a protective sleeve to minimise 
underlying soft tissue damage while sawing the bone. As a means of additional 
protection of neighbouring soft tissues, two blunt hand held retractors were used 
under the bone (Figure C.6). During sawing, the area was irrigated using a saline 
filled syringe to prevent bone necrosis from the heat generated by the saw. After 
creation of the defect, the periosteal remnant on the lateral side of the defect was 
meticulously dissected free of the associated tibial vessels and excised. Additionally, 
15 mm of periosteum at both ends of the defect was also stripped off the bone using 
a sharp periosteal elevator. By removing the periosteum, the robust periosteal bone 
formation on the bone surface was abolished. 
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Figure C.6: Creation of critical size defect using the oscillating Synthes saw with constant irrigation to 
prevent bone necrosis as a result of the heat generated. 
 
 For the experimental fracture, the oscillating saw was used to cut through a 
point marked 10 mm from the third proximal pin, and a 3 mm spacer was placed in. 
Constant irrigation with saline was used during sawing. After creation of the 
experimental fracture osteotomy, the surgical site was inspected for any bone chips 
which remained from sawing. The incision was then closed in two layers (Figure 
C.7).  
1)  A series of simple continuous sutures with 2/0 synthetic absorbable suture to 
securely close the fascia over the defect and osteotomy; 
2) Skin closure with 2/0 synthetic non-absorbable material.  
A postoperative x-ray was completed and calibrated (using an internal fixator 
of known length) to ensure a 3 mm experimental fracture and a 30 mm critical size 
defect was achieved. Sterile bandage was then applied to the operated leg. Surgical 
time for this procedure, from the preparation of the animal to the postoperative 
recovery, was close to five hours.  
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Figure C.7: Completion of the unilateral fixation with six 5 mm Shanz pins in the main distal and proximal 
fragment and two 4 mm pins in the mobile segment. 
 
 
Surgical procedure- dual fixation (group 2) 
The schematic for the dual fixation surgery is shown in Figure C.8. The same 
surgical procedure as the unilateral fixation was used without the insertion of the 4 
mm pins in the medial region. After all six 5 mm pins had been inserted into the 
proximal and distal fragments using the landmarks (tibial tuberosity and medial 
malleolus), the anteromedial region was observed. It was necessary for the first 4 
mm pin of the dual fixation to be inserted in between the first two 5 mm pins on the 
anteromedial region. An incision was made at this point and the drill sleeve was 
aligned. Using the 2.5 mm drill bit, a hole was made in which the 4 mm Schanz pin 
was inserted using the T-handle. The remaining 4 mm pins were inserted and the 
carbon fibre rod was attached to ensure alignment and detached for the osteotomy 
creation. 
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Figure C.8: Surgical planning for the pin placements for dual fixation using the bone landmarks: tibial 
tuberosity and medial malleolus. 
 
The same procedure described in the unilateral fixation for the creation of both 
osteotomies was used again. A postoperative x-ray was completed and calibrated to 
ensure suitable osteotomy sizes. The incision was then closed using the suturing 
technique specified earlier (Figure C.9). Sterile bandage was then applied to the 
operated leg. Surgical time for this procedure from the preparation of the animal to 
the postoperative recovery was close to five hours. 
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Figure C.9: Completion of dual fixation surgery with the one fixation using the six  5 mm pins for the main 
proximal and distal fragments on the medial side and the separate anchorage using four 4 mm pins for the 
mobile segment and proximal main fragment on the anteromedial side. 
. 
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Appendix D:  
Active fixator surgical procedure 
Surgical procedure – active ring 
The surgeries for the active fixators were performed by Dr Jan Henkel and then 
by Dr Constantin Dlaska with assistance from Dr Siamak Saifzadeh.  
A medial surgical approach was used and the sheep was positioned in lateral 
recumbency with the operative leg down and the other leg pulled forward and tied up 
with a rope. The leg was shorn and aseptically prepared with Betadine
®
 scrub 2% 
plus isopropyl alcohol 70% and then was isolated routinely by four corner draping 
and covered with a sterile adhesive surgical drape.  
For placement of the proximal and distal fragment, 5 mm Schanz pins and the 
carbon fibre external fixator was used (Synthes®). After marking the location of 
each pin along the tibia using the tibial tuberosity and medial malleolus as 
landmarks, single stitch incisions on the medial side of the tibia were made. The first 
was approximately 3 cm distally from the tibial tuberosity and the second one 
approximately 3 cm proximally to the medial malleolus. Using a drill sleeve, a 3.5 
mm drill bit was used to create holes for the most proximal and most distal pins. 
Using the Synthes System 5 drill, the 5 mm Schanz pins were carefully inserted 
perpendicular to the bone (Figure D.1). 
 
Figure D.1: Insertion of most proximal and most distal  two 5mm schanz pins and attachment of both 
carbon fibre rods and the clamps that are require to be used. 
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The carbon fibre rods were then attached to the two pins and the remaining 
clamps for the other pins and active fixator ring screw were attached. The trocar 
system was used to pre-drill the remaining holes with a 3.5 mm drill bit (Figure D.2).  
The 5 mm pins were spaced 20 mm apart with two following the most proximal pin 
and another two following the most distal pin.  
 
Figure D.2: Attachment of remaining clamps required to be used to the carbon fibre rods and the use of 
the trocar system for pin hole creation using the suitable drill bit and Schanz pin insertion. 
 
The second carbon fibre rod was attached, which completed the fixation of the 
pins in the main fragments on the medial side. It was ensured all 5 mm Schanz pins 
were perpendicular to the bone (Figure D.3). 
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Figure D.3: Insertion of all six 5mm Schanz pins perpendicular to the bone. 
 
The anteromedial region of the tibia was then observed. A specially designed 
drill guide was used to ensure precise pin insertion to permit easy application of the 
active fixator. The first 4 mm pin was inserted in the proximal fragment and a distal 
4 mm pin was then inserted into the critical size defect to maintain the alignment of 
the other pins (Figure D.4-left). The remaining 4 mm pins where then pre drilled 
with a 2.5 mm drill bit and inserted (Figure D.4-right). The pin within the critical 
size defect was then removed.  
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Figure D.4: Use of the drill guide for the insertion of the 4mm Schanz pins into the proximal main 
fragment and critical size defect first, followed by the second pin in the proximal main fragment and 
mobile segment pins. 
 
The next step involved the creation of both osteotomies (critical size defect and 
experimental fracture). A longitudinal incision on the anteromedial side between the 
pre-placed Schanz pins was made. With special care of the underlying fascia and 
vessels, the mid third of the tibial bone was exposed. To prevent damage to the tibial 
main neurovascular bundle, which runs dorsolateral, protection hooks were placed 
around the tibial bone. For the experimental fracture the oscillating saw was used to 
cut through a point marked 10 mm distance from the most distal proximal pin. To 
create the critical size defect, 10 mm proximal to the third distal Schanz pin a bone 
cut was completed using the oscillating saw. From this cut 30 mm was measured out 
and the saw was used again. The osseous block of bone was then removed from the 
area. The critical size defect area was washed out and the incision inspected for 
bleeding. The periosteal remnant on the lateral side of the defect was meticulously 
dissected off the associated tibial vessels and excised. Additionally, 15 mm of 
periosteum of both ends of the defect was also stripped off the bone using a sharp 
periosteal elevator.  
The active fixation device frame was then attached to the two proximal 4 mm 
pins using the brackets. A carbon fibre rings system was then attached from the 
bottom of the active fixator frame to the carbon fibre rod using a screw which was 
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then attached to one of the clamps. This then allowed for the weight of the active 
fixator to be shared with the carbon fibre fixator. 
The incision was then closed in two layers: 
 A series of simple continuous with 2/0 synthetic absorbable suture to 
securely close the fascia over the defect and osteotomy; 
 Skin closure with 2/0 synthetic non-absorbable material.  
This then allowed for the attachment of the mobile segment clamp and motor 
system. The mobile segment clamp was placed in the fixator body and the stainless 
steel rods were placed through to fix it into the frame using grub screws. The motor 
was then used to move the clamp to a point which allowed it to clamp the 4 mm pins 
in the mobile segment using the brackets (Figure D.5). Once all the 4 mm pins were 
connected to the fixator, the motor was used to move the mobile segment up to close 
the fracture gap. A postoperative x-ray was taken to ensure the fracture gap was 
closed. The motor was used to then move the mobile segment back down 3 mm to 
create the experimental fracture. A postoperative x-ray was calibrated to ensure 3 
mm experimental fracture and 30 mm CSD was achieved. Sterile bandage was then 
applied to the operated leg. Surgical time for this procedure from the preparation of 
the animal to the postoperative recovery was close to five hours. 
 
Figure D.5: Active fixator on anteromedial side of tibia and the carbon fibre fixator on the medial.
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Appendix E:  Biomechanical testing 
 
Table E.1: Biomechanical testing results between experimental groups. 
 
 
 Sample No Axial Stiffness (N/mm Torsional Stiffness (Nm/deg) Maximum Torque (Nm) 
Dual Fixation 1308 240 0.2 4.1 
Dual Fixation 1307 2580 0.8 8.9 
Dual Fixation 1306 5700 1.3 2.5 
     
Active Fixation 12c4102 7800 7.1 10.6 
Active Fixation 1332 7500 5.2 30.6 
     
Active Fixation (Control) 1345 2009 1.8 13.7 
Active Fixation (Control) 1344 3052 0.3 2.4 
Active Fixation (Control) 11C4525 2300 0.26 3.47 
